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PREFACE

The Eleventh Conference on Environmental Toxicology was held in Dayton,
Ohio on 18, 19, and 20 November 1980. Sponsor was the University of California,
Irvine under the terms of Contract F33615-80-C-0512 with the Aerospace Medical
Research Laboratory, Aerospace Medical Division, Air Force Systems Command,
Wright-Patterson Air Force Base, Ohio. Arrangements were made by the Toxic
Hazards Research Unit of the University of California, Irvine. Donald L.
Dungworth, Ph.D., Professor and Chairman, Department of Pathology, School of
Veterinary Medicine, University of California, Davis served as Conference
Chaijrman, and Mrs. Lois Doncaster, University of California, Irvine served as
Conference Coordinator. Acknowledgement is made to Ms. Mildred Pinkerton
and Ms. Joyce Sizemore for their significant contributions and assistance in the
preparation of this report.
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INTRODUCTORY ADDRESS

Col. George C. Mohr, USAF, MC
Commander, Air Force Aerospace Medical Research Laboratory
Wright-Patterson Air Force Base, Ohio

Good morning, ladies and gentlemen, I'm Col. George Mohr, a Flight
Surgeon, currently assigned at Wright-Patterson as the Commander of the
Aerospace Medical Research Laboratory. It's my great pleasure to welcome
you here on this first visible day of winter although the calendar doesn't
quite agree. I'm happy to see that you all made it safely; I presume that
most of you spent the evening here because I understand the highways in
the Dayton area are still hazardous this morning. However, I'm sure the
warmth of fellowship and the quality of the science that will engage your
minds over the next couple of days will make up for the inclement weather.

I have two tasks this morning. The first of these is to make a few
introductory remarks; perhaps to throw out a challenge or two and finally
to introduce one of our most dlstmgulshed guests who will make the formal
remarks as to the conduct of the sessions.

First of all, while I'm not a toxicologist, I am a Flight Surgeon ‘and I
share a common interest with most of you. Over the years some of us work-
ing in this area may have had an identity crisis. I've never in my own mind
completely sorted out what a toxicologist is. Because when I look at my own
laboratory, I see Veterinary Pathologists, Physiologists, Biochemists and -
Pharmacologists; in fact, I see a whole range of disciplines that somehow: or
other have learned to speak the same language and share a central interest
in the health of our folks in the workplace as well as in maintaining a
healthful environment for our friends in the surrounding community. It is
apparent that over the last forty or fifty years, we have gone through a
maturation process: learning to work together while educating a highly
skilled category of scientists that are continuing to specialize. This is
very important because a significant threat that can impact the well-being
of the human race requires us to deal with a rapidly growing overburden
of new chemical species entering our environment each year, each carrying
the potential threat of degrading the quality of our life and unfortunately,
in some instances, even shortening life. It's overwhelming to remember
that just a few years ago when I was at the Headquarters Aerospace Medical
Division, my colleagues told me there were over 30,000 important chemical
materials that were needed to manufacture the tools and systems that make
the Air Force an effective military force. Over 30,000 important chemicals.
At least 10% of these were considered to be potentially dangerous. Some of
them dangerous at relatively low levels; particularly if you speculated about
the long-term effects of repeated and cumulative exposure during a working
lifetime. Some of the early efforts my laboratory has taken to deal with this -
problem have demonstrated just how difficult it will be to finally resolve all
these questions if we limit our activities to whole body studies using a
variety of animal species, attempting through brute force to identify the
dose-response relationships and extrapolate that information to man. The




rate at which new chemical species are being produced and the rate at which
our understanding generates new questions (because as is always the case,
as you begin to answer a question you learn how to ask a better question)
may never permit us to catch up unless perhaps the whole nation decides to
become toxicologists. Therefore, in the last three or four years, in my
laboratory at least, we've begun to emphasize a new approach to the problem.
There is no question for a chemical species that has a high risk based on
good evidence, that we need to determine a dose-response relationship from
in vivo animal studies, to set a credible human safety standard. But before
we get to that stage, by understanding the pathways through which a
chemical agent enters the body, whether by inhalation, ingestion, or absorp-
tion through the skin, by understanding how the chemical species is trans-
ported within the body of the animal, and is stored, metabolized, and
ultimately excreted, and by understanding the toxicodynamics of the particular
cell system, sub-cellular system, or enzyme system where one or more of

the products of a particular chemical system really acts, we should be able
to devise sensitive screening tests (you're all familiar with many of those
that are now available). We should be able with increasing wvalidity to

select those particular agents which are most likely to truly represent a
health hazard in order to concentrate on those agents which are both most
ubiquitous and carry the greatest risk of exposure for our people. This
kind of approach has been described by many names. We speak of it in
terms of toxicodynamics, toxicokinetics, metabolic mechanisms, screening
techniques and scaling laws, but it all involves a very complex wedding of
the many skills that are represented in this room. It is therefore particularly
gratifying for me to see a group like this come together each year. If my
memory fails me not, I believe this is the 11th such annual gathering that
has occurred under the sponsorship presently of the University of California,
Irvine. 1 believe those of you from industry, academia, other government
agencies and from the military departments have a very real opportunity
here to enrich your own understanding, to infuse new ideas and, I believe,
ultimately to develop practical solutions to the problem of ensuring human
safety which is of great personal interest to me.
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PAPER NO. 1

ANIMAL MODELS OF TOXICITY: SOME COMPARATIVE DATA
ON THE SENSITIVITY OF BEHAVIORAL TESTS

Lawrence W. Reiter, Robert C. MacPhail,
Patricia H. Ruppert and David A. Eckerman

U. S. Environmental Protection Agency
Research Triangle Park, North Carolina

INTRODUCTION

Although several federal agencies are charged with protecting the
public from the adverse health effects of exposure to toxic substances, they
differ in their concern over the sources of exposure, and the population at
risk. Sources of exposure, for example, include the work place, the
environment, the household, and food. A common concern of the federal
regulatory agencies is the accurate prediction of the health consequences of
exposure to toxicants through the development of animal models of toxicity.

The present paper is concerned with the development of animal models
of behavior to serve as screens for neurotoxic compounds. Such an enter-
prise was in part the result of recent environmental legislation that specifi~
cally calls for the development of tests for behavioral disorders. The Clean
Air Act of 1970, amended in 1977, was enacted to protect and enhance the
quality of air resources so as to promote the public health and welfare. A
pertinent section of this act reads as follows:

CLEAN AIR ACT (AMENDED 1977), Section 103 f(1)

"In carrying out research pursuant to this act, the
Administrator shall give special emphasis to research on
the short- and long-term effects of air pollutants on
public health and welfare. In the furtherance of such
research he shall conduct an accelerated research
program --

(A) to improve knowledge of the contribution of
air pollutants to the occurrence of adverse effects on
health, including, but not limited to, BEHAVIORAL,
physiological, toxicological, and biochemical effects;"

The Toxic Substances Control Act (1976) was enacted to regulate

chemical substances and mixtures which present undue risk of injury to
health or the environment. A pertinent section related to behavioral
toxicology reads as follows:
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TOXIC SUBSTANCES CONTROL ACT (1976). Section 4(b)(2)(A).

"The health and environmental effects for which standards
for the development of test data may be prescribed include . .
BEHAVIORAL DISORDERS, cumulative or synergistic effects, and
any other effects which may present an unreasonable risk of
injury to health or the environment."

We shall focus the present discussion on a series of experiments
designed to evaluate the utility of various behavioral tests as screens for
neurotoxicity. In general, in order for a method to serve as a screen for
toxicity it must conform to defined protocols, be sensitive, inexpensive,
reproducible and interpretable and should exhibit a moderate specificity
and broad application. The heterogeneous nature of behavior, however,
together with the almost unparalleled complexity of the nervous system
raises serious questions as to whether a single test will ever suffice as a
primary screen for neurotoxicity. Because of this, a variety of tests were
selected for study that included: (1) locomotor activity in a novel environ-
ment; (2) performance on a spatial memory task; (3) performance under
schedules of positive reinforcement, and; (4) the development of a flavor
aversion when toxicant exposure was previously paired with that flavor.
These tests sample diverse aspects of behavior and, therefore, would be
expected to have different sensitivities to toxicant exposure.

Our specific approach was to evaluate the relative sensitivity of these
behavioral tests following acute exposure of rats to a variety of insecticides.
Representative chemicals were selected from three classes of insecticide
including the carbamates, the synthetic pyrethrins, and the formamidine
insecticides.

Carbamate insecticides, short-acting reversible inhibitors of cholines-
terases, are used to control pests commonly found on crops, in gardens, and
in the household (Kuhr and Dorough, 1976). Two representative carbamates
with diverse LD50's, Baygon and Carbaryl, were chosen to further assess
the ability of various behavioral tests to detect effects of chemicals with
similar structures but with different potencies. Synthetic pyrethrins rep-
resent a relatively new class of insecticide that have a purportedly low
mammalian toxicity and do not act through inhibition of cholinesterases
(Elliott et al., 1978; Elliott and Janes, 1978; Elliott, 1976; Miyamoto, 1976).
Decamethrin was chosen since more toxicological information was available
for it than for the other synthetic pyrethrins (e.g. Ray and Cremer, 1979).
Formamidines also represent a relatively new class of insecticide that have
been used successfully to control certain types of mites and other insects
that have proven resistant to the carbamates and other cholinesterase-
inhibiting toxicants (Hollingworth, 1976; Lund et al., 1979). Chlordimeform
was selected on the basis of data available regarding its toxic effects in
rodents (Matsumura and Beeman, 1976). These insecticides were selected
for investigation because they represent bona fide neurotoxic substances;
in a sense, then, this research may also be viewed as an attempt to validate
the use of behavioral tests for the detection of neurotoxic potential.
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Behavior is an integrated response of the organism, and therefore it is
a truism that at some exposure level all chemicals will produce behavioral
effects. If nothing else, death is the ultimate behavioral endpoint. In order
for behavioral tests to be useful in the screening process, a practical require-
ment is that they be capable of detecting behavioral changes in the absence
of overt signs of intoxication. Consequently, it is important to consider the
dosage levels producing behavioral effects (i.e., ED50s) in the context of
those required to produce overt toxicity (i.e., mortality or the LD50s).

BEHAVIORAL TESTING

FIGURE-EIGHT MAZE ACTIVITY

Motor activity was measured in a figure-eight maze as previously
described (Reiter et al., 1975). Briefly, the maze consists of a series of
interconnected alleys (10 x 10 cm) converging on a central open arena and
covered with transparent acrylic plastic. Motor activity was detected by 8
phototransistor-photodiode pairs; one count was registered each time a
light beam was interrupted. Eight mazes were housed in a sound-attenuated
room that was maintained on a photoperiod identical to that of the animal
quarters. In all experiments, adult CD male rats were individually tested.. .
for 2 hr. Independent groups of animals were used for each insecticide and
each animal received only one exposure. Treatment groups were comprised
of 9-12 animals.

RADIAL ARM MAZE

- Adult male Long-Evans-derived (hooded) rats were placed on a restric-
ted water-availability regimen (15-30 min/day). Each rat was given one
daily trial on the maze and seven to ten training trials were given before
treatments were administered. The maze consisted of a center platform from
which eight arms radiated, like spokes of a wheel, and at the ends of which
a small quantity of water could be deposited (Olton and Samuelson, 1976;
Eckerman et al., 1980). A trial consisted of placing the rat on the center
platform and allowing it to move freely about the maze until (a) all eight
arms had been traversed to the end and water was consumed from all
locations, or (b) 5 min. had elapsed. The rat was then removed to its home
cage where supplementary water was available as necessary to maintain dep-
rivation. An observer recorded the order and time of each arm entrance.
Rats were randomly assigned to treatment conditions and the observers were
not told which rats received which treatments. Independent groups with
5-6 animals per treatment were used for each insecticide.

SCHEDULE-CONTROLLED BEHAVIOR

Adult male Long-Evans-derived (hooded) rats were maintained by food
deprivation at 350 g body weight and were trained to respond (lever press)
under a fixed-ratio or a fixed-interval schedule of milk reinforcement. Under
a fixed-ratio schedule, milk reinforcement was provided after completion of
a fixed number of responses (either 10 or 40); this schedule generates
fairly rapid rates of responding (e.g., 1-6 responses per second). Fixed-
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interval schedules provide reinforcement for a response after a specified
interval of time (180 sec) has elapsed since the previous reinforcement;

this schedule generates much slower overall response rates (e.g., 0.1-0.5
responses per second) although local rates of responding generally increase
as time within the interval elapses. Testmg was carried out 5 days per :
week in isolation chambers during sessions that were 45-48 min. in duration.
One group of eight rats performed under the fixed-interval 180-sec.
schedule and was used to determine the effects of the carbamate insecticides.
Another group of eight was used to determine the effects of chlordimeform;
four animals performed under the fixed-ratio-10 schedule and four performed
under the fixed-ratio-40 schedule. For the decamethrin determinations,
another group of eight rats was trained to perform under a fixed-ratio-40
schedule. Once performances had stabilized, insecticides were administered
in an irregular sequence no more than twice a week (once a week for
decamethrin). Only treatment effects on overall rates of responding are
considered in this presentation.

FLAVOR AVERSION

Adult male, Long-Evans-derived (hooded) rats received daily access to
tap water for 30 min. in test cages located in the colony room. When intakes
had stabilized (typically in 7-10 days), all rats were given 30-min. access to
a saccharin solution (0.1% w/v) and were then given the appropriate treat-
ment approximately 20 min. after the saccharin availability. Control rats
received either no treatment or the appropriate vehicle. Water was then made
available for the next two daily sessions; on the third session rats were
provided with both saccharin and tap water. Comparisons were made between
treatment groups for saccharin preference expressed as the proportion of
total fluid intake. For the chlordimeform study, rats initially received access
to both saccharin solution and tap water. For the decamethrin study, all
rats received corn oil via gastric intubation after water availability for a
5 day period preceding initial saccharin availability. Independent groups of
animals were used for each insecticide and each animal received only one
treatment. Treatment groups were comprised of 5-6 animals.

CHEMICAL TESTING

CARBAMATE INSECTICIDES

Baygon (o-isopropoxyphenyl, N-methylcarbamate; Chemagro, Kansas
City, MO; 97% pure) and Carbaryl (1l-naphthyl, N- methylcarbamate, Union
Carbide, South Charleston, W. V.; >99% pure) were dissolved in warm corn
oil and administered i.p. in a volume of 0.5 ml/kg body weight. Injections
were given 20 min. prior to testing except for the flavor-aversion experi-
ment where it was given 20 min. after the initial saccharin availability and 3
days prior to the saccharin-aversion assessment. Dosages ranged from 0.228-
8.0 mg/kg and 0.943-28.0 mg/kg for Baygon and Carbaryl, respectively.
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FORMAMIDINE INSECTICIDE

Chlordimeform HC1 (N -(4-chloro-o-tolyl)-N, N- dlmethylformamldme,
NorAm Agriculture Products, Woodstock, IL; >99% pure) was dissolved in
normal saline and administered i.p. in a volume of 1 ml/kg body weight.
Doses (as salt) ranged from 1.25-40.0 mg/kg and were administered 10 or
20 min. prior to testing except in the flavor-aversion experiment where it
was given 20 min. after initial saccharin availability and 3 days prior to the
saccharin~aversion assessment.

SYNTHETIC PYRETHROID INSECTICIDE

Decamethrin ( (S)-a-cyano-3-phenoxybenzyl (1R, 3R)-cis-3-(2,2-dibro-
movinyl)-2, 2-dimethyl-cyclo~-propanecarboxylate; Roussel Uclaf, Romanville,
France; Technical Grade) was dissolved in warm corn oil and administered
p.o. in a volume of 1 ml/kg body weight. Doses ranged from 1.0-16.0 mg/kg
and were administered 120 min. prior to testing except in the flavor-aversion
experiment where it was given 20 min. after initial saccharin availability and
3 days prior to saccharin-aversion assessment,

RESULTS

DOSE-RESPONSE DATA

Individual dose-response curves, grouped according to insecticide, are
presented in Figures 1 - 4. Except for the results of the flavor-aversion
test, data are presented as percent of either the noninjected or the vehicle-
injected controls. For the flavor-aversion paradigm, data are presented as
saccharin intake expressed as the percent of the total intake (i.e., saccharin
plus tap water). With few exce'ptions, the dose-range employed in these
studies encornpassed the ED50 which is defined as the dose producmg a
50-percent change in response.

BAYGON

Doses of Baygon ranging from 2-8 mg/kg produced decreases in all
behavioral measures except flavor aversion (Figure 1). For those behaviors
which were affected, the ED50s range from 2.0-3.7 mg/kg Baygon did not
produce a flavor aversion; additional data not presented in Figure 1 1nd1cated
even a dose of 11 mg/kg produced no effect on this measure.
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Figure 1. Behavioral effects of Baygon.

FIGURE LEGEND:

The left-most panel shows the effects of Baygon on locomotor activity
measured in a figure-eight maze during a two-hour test session. Each symbol
represents the average effect in 9-12 rats; vertical bars represent * 1 SEM.
The control value (100%) equals 376 counts. The next panel shows the effect
of Baygon on the rate at which rats (N=5-6) made selections on a radial-arm maze
during a brief (5-min maximum) test session. Non-injected control (100%) equals
2.23 selections per minute. The third panel shows the effect of Baygon on the
overall rate at which rats (N=8) responded during 45-48 min test sessions under
a FI 180-sec schedule of milk reinforcement. Non-injected control (100%) equals
0.24 responses per second. The right-most panel shows the effect of Baygon
on the saccharin intake (expressed as a percentage of total intake) of rats
(N=5-6) in a flavor-aversion conditioning paradigm. With the exception of the
flavor-aversion data, the dashed horizontal lines are drawn at 50% of control,
and the dashed perpendicular lines indicate the dosage corresponding to the
50% value (i.e., the ED50). For the flavor-aversion data the hor1zontal line
was drawn at one-half the value of the vehicle-control group.

CARBARYL

Dose-response curves for Carbaryl are shown in Figure 2. Doses ranging
from 2.5-28 mg/kg produced decreases in all behavioral measures. For both
motor activity and schedule-controlled behavior there appears to be a steeper
dose-response function for Carbaryl than for Baygon which results in a greater
overall decrease in response at the largest doses. Unlike Baygon, Carbaryl
produced a flavor aversion but only at the largest dose. The ED50s for

Carbaryl ranged from 5.5-21.1 mg/kg.
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Figure 2. Behavioral effects of Carbaryl.

FIGURE LEGEND:

Control values (100%) equal 330 counts per two hours, 2.74 selections
per minute, and 0.26 responses per second for locomotor activity, radial-arm-
maze performance and schedule-controlled performance, respectively. See
legend of Figure 1 for additional details.

CHLORDIMEFORM

Dose-response curves for chlordimeform are shown in Figure 3. Doses
ranging from 2.5-40 mg/kg produced decreases in all behavioral measures. For
schedule-controlled behavior, data are presented for performance under both
an FR~10 (fixed ratio of 10 responses) and an FR-40 schedule of reinforcement.
Surprisingly, the schedule with the lesser work requirement was associated
with the smaller ED50. For locomotor activity, the smallest dose (5 mg/kg)
produced a 50% decrease in response; higher doses were only slightly more
effective in reducing activity. The ED50s ranged from 5-17.7 mg/kg.
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Figure 3. Behavioral effects of Chlordimeform.

FIGURE LEGEND:

Rats in the schedule-controlled experiment performed under an FR-10
(closed symbols, N=4) or an FR-40 (open symbols, N=4) schedule of reinforce-
ment. Control values (100%) equal: 427 counts per two hours, 2.5l selections
per minute, 0.94 responses per second (FR-10) and 2.25 responses per second
(FR-40) for locomotor activity, radial-arm-maze performance and schedule-
controlled performance, respectively. See legend of Figure 1 for additional
details.

DECAMETHRIN

Doses of decamethrin ranging from 1-16 mg/kg produced decreases in all
behavioral measures (Figure 4). This compound was the most potent of the
insecticides in the flavor-aversion paradigm, with an estimated ED50 of 1.6
mg/kg. Activity in the figure-eight maze was not further reduced when the
dosage was increased from 8 to 16 mg/kg; a similar plateau in the dose-response
curve can be seen in the flavor-aversion data. EDS50 values for decamethrin
ranged from 1.6-7.6 mg/kg.
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rigure 4. Behavioral effects of Decamethrin.

FIGURE LEGEND:

Rats (N=8) in the schedule-controlled experiment performed under an FR-40
schedule of reinforcement. Control values (100%) equal 401 counts per two
hours, 3.31 selections per minute, and 3.22 responses per second for locomotor
activity, radial-arm-maze performance and schedule-controlled performance,
respectively. See legend of Figure 1 for additional details.

COMPARISONS OF ED50s

The ED50 values were estimated graphically from the data in Figures 1-4
and are presented for each behavioral test in Table 1. Considering the
diversity of behavioral measures, there is remarkable agreement across tests.
If one excludes the Baygon flavor-aversion data, for which the ED50 was
indeterminate, the ratio of maximum to minimum ED50 ranged from a low of
1.7 to a high of 4.8. In general, figure-eight maze activity and schedule-
controlled performance produced the lowest ED50s when these values were
ranked across all insecticides.

BEHAVIORAL TOXICITY INDEX

Literature values for the LD50 of each insecticide, based on the
appropriate route of administration, and the ED50s taken from Table 1 were
used to calculate the Behavioral Toxicity Index (LD50/ED50). Several LD50
values were available for Carbaryl and Chlordimeform; the two extremes are
presented to illustrate the maximum and minimum values for this Index. Again,
if one excludes the Baygon flavor aversion data, the Behavioral Toxicity Indices
are generally large, demonstrating the highly selective neurotoxicity of these
insecticides and the relative sensitivity of these behavioral tests.
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Table 1. Estimated ED50's for each behavioral test following acute exposure to various
insecticides. Tests were ranked for each insecticide and the average ranking is
shown at the bottom of each column.
Behavioral Test Figure-Eight Radial-Arm Schedule-Controlled Flavor Aversion
Maze Activity Maze Performance Performance
Insecticide
Baygon 2.0 3.7 3.4 indeterminant
Carbaryl 9.3 1.3 5.5 21.1
Chlordimeform 5.0 17.7 6.7 6.3
Decamethrin 7.6 3.7 3.5 1.6
Mean Rank of x=2.0 X = 3.2 Xx=2.0 x=2.8
Sensitivity
Table 2. Estimated Behavioral Toxicity Index {LD50/ED50) determined
for different behavioral measures following acute exposure
to various insecticides. When two or more values for LD50
were available, the maximum and minimum values were used
to calculate the Index.
Insecticide Baygon Carbaryl Chlordimeform Decamethrin
Ls0 = 30" §Lps0 = 200" 48B| Lpso = 300¢/123° LD50 = 52
Behavioral mg/kg (I.P.)] mg/kg (1.P.) mg/kg (1.P.) mg/kg (P.0.)
Test
Figure-Eight Maze 15 22/5 60/25 - 7
Schedule-Controlled
Behavior 9 36/9 45/18 15
Radial-Arm Maze
Performance 8 18/4 1777 14
Flavor Aversion Indeterminant 9/2 48/20 32
A. Vandekar, et al., 1971.
B. B. WHO, 1971
C. Hollingworth, 1976.
D. Robinson et al., 1975
E. Kavlock et al., 1979
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DISCUSSION

These results convincingly demonstrate that behavioral measures provide
sensitive diagnostic indices of toxicity. In general, these four behavioral tests
were able to detect a highly specific behavioral toxicity of the various insec~
ticides. - The Behavioral Toxicity Index (LD50/ED50) provides an estimate of
the ‘comparative toxicity of these insecticides and ranged from 2-60. A large
value for the Index reflects a relatively selective behavioral toxicity and .-
indicates therefore that a behavioral change occurs at an exposure level sub-
stantially below that producing overt toxicity. The Behavioral Toxicity Index
for Chlordimeform (based on the lowest reported LD50 of 123 mg/kg) for -
example, ranged from 7-25. For figure-eight maze activity, the ED50 was 5
mg/kg and yet no symptoms of toxicity such as ptosis were observed below
20 mg/kg. If similar data were obtained for a substance of unknown toxicity,
they would strongly argue for further testing.” This ability of behavioral tests
to detect toxic effects at otherwise asymptomatic exposure levels supports their
use as primary screens for neurotoxicity.

Across the limited range of insecticides tested, no behavioral measurement
was uniquely sensitive to exposure. However, when the various tests were
ranked for each insecticide and the overall ranking was computed, figure-eight
maze activity and schedule-controlled performance were more sensitive than -«
radial-arm-maze and flavor-aversion. Additional testing is needed to further '
characterize the flavor-aversion paradigm which was quite sensitive to. ‘
Decamethrin exposure yet differentially sensitive to the two carbamates We
have no explanation for this latter finding. ' ’

Another dimension in assessing the utility of a behavioral test as a pri-
mary screen is its cost-effectiveness. If two tests are equally sensitive at
detecting toxicity, the cost of performing the test will influence the final choice
of methods. For behavioral testmg, the cost will be 1nf1uenced by several
factors which includer .

1. The equipment requirements which for the present array of tests
ranged from water bottles to microprocessor-controlied test chambers;

2. The degree of automation which influences both the arhount of tech-
nical support required for testlng and the volume of testing wh1ch can be -
performed; :

3. The amount of prior trammg of subjects which is requlred to establish
a stable baseline of performance, ' »

4. The variability of the behavioral endpoint which influence the number
of subjects required to produce sufficient statistical power.

On the basis of these criteria, certain behavioral tests utilized in the
present study appear more promising than others. For example, figure-eight
maze activity and schedule-controlled performance appear to be equally sensitive
in detecting the behavioral toxicity of these insecticides, yet cost considerations
would favor the use of the figure-eight maze. Similarly, although flavor-aversion
and radial-arm-maze performance require less initial training than does schedule-
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controlled performance, the flavor-aversion paradigm fails to detect carbamate
effects and the radial-arm-maze performance is less sensitive to Chlordimeform.

However, the utility of these behavioral measures has not been fully
explored in this report. For example, data were not presented on the temporal
distribution of locomotor activity and schedule-controlled performance or
accuracy of selection with the radial-arm-maze. By the same token, parametric
manipulations have not been made to optimize the sensitivity of each test. For
example, introducing delays between selections in the radial-arm-maze is
currently being explored as a way to increase the sensitivity of this
procedure. :

The Second Task Force for Research Planning in Environmental Health
Science suggested that the selection of behavioral procedures for safety eval-
uation is optimized by testing the effects of known neurotoxicants on
behavior. These data represent our first attempt to address this recommendation.
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PAPER NO. 2"

PHARMACOLOGICAL PROBES AS A TOOL IN
‘. BEHAVIORAL TOXICOLOGY

Harold Zenick, Ph.D.

Department of Environmental Health
University of Cincinnati

Delineation of the neurotoxic effects of various xenobiotic compounds is
often complicated by the considerable compensatory capacity of the Central
Nervous System (CNS). Moreover, the degree to which such compensation
occurs may be critical when one is examining doses near the threshold for
biological effect. The extent to which such compenSation occurs is readily
documented in the literature on recovery of functlon in the CNS followmg
electrolytic or biochemical lesions.

The extent of recovery is a function of numerous factors including the
size of the lesion and whether it occurred in single or multiple stages,
recovery environment, sex, and age of the organism. The role of the latter
variable is quite complex. Assessment of damage in the developing animal
must balance greater CNS plasticity with greater vulnerability to insult.
Compensation may result from a variety of mechanisms including redundancy
(a part may carry out the functions of the whole), regeneration, multiple
control (multiple localization), functional substitution, or a radical reorgani--
zation. Moreover, the organism may come to rely more heavily on information
from previously ignored or under-utilized neuronal systems in decision-making.
An excellent overview of this area has recently been published (Finger, 1978).

In spite of this compensatory capacity, deficits may appear when addi-
tional biological stress (e.g., illness, aging) is placed upon this "overtaxed"
system. This tenet in essence underlies the use of pharmacclogical agents to
unmask CNS insult. It is assumed that the compensated animal is operating
with compromised neurochemical substrates and thus cannot respond to this
drug challenge in the same manner and/or degree as normal animals.

The use of pharmacological probes as physiological stressors has a
number of advantages. It is a noninvasive, reversible procedure that can be
introduced at any time point in the life of the animal. Moreover, the pattern
that may emerge from the selective administration of the various agonists,
antagonists, depletors, etc., can provide insight into the nature of the
"affected" neurochemical substrates. Judicious selection may even allow one to
discriminate between peripheral versus centrally-mediated effects. Furthermore,
negative results imply that a number of defined systems are functioning
normally.
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I will provide some examples of recent studies employing pharmacological
probes. I will also describe how we have attempted to extend these efforts
in utilizing a drug-discrimination learning paradigm. This paradigm has been
well validated in psychopharmacology as a tool for the assessment of drug-
response thresholds.

I have restricted the text along two avenues. For one, only studies
employing behavior as an endpoint have been cited. This does not, however,
obviate the use of this technique if one desires to assess the functional
capacity of other target organs. I have also excluded the wealth of studies
that has assessed the impact of simultaneous chronic exposure to an environ-
mental compound and a drug. These studies, directed at related questions,
obviously provide a historic precedent for the incorporation of drug challenges
into current screening protcols.

Following a report by Fouts et al. (1963) that DDT, chlordane, and other
analogues produced a decrease in hexobarbital-induced sleep time, numerous
other investigators have used this variable as an end-point to examine the
effects of various environmental agents on liver and/or kidney function. In
the area of neurobehavioral toxicology, assessment of CNS status with drug
probes is fairly recent. However, this technique has now been widely used
with a variety of environmental compounds, tested in different behavioral
tasks, and examined in young and adult animals that had either been previous-
ly on or were concurrently being exposed to the toxin at the time of
testing.

Pertinent to the population of major concern for this audience, namely
occupational exposure, are investigations employing drug challenges in
animals exposed only as adults. In an investigation by Tilson et al. (1979),
adult rats were exposed to 589 ppm of carbon disulfide (CS,) in inhalation
chambers. Animals were tested on a number of neuromotor tasks. Sponta-
neous locomotor activity was also assessed in Automex activity monitors
(Columbus Instruments). One and three weeks after exposure had terminated,
the rats received a 3 mg/kg injection of d-amphetamine sulfate and were
subsequently tested over the next 80 minutes. Analyses of the data revealed
no differences among the groups in terms of baseline motor activity. However,
one week after treatment had ceased, the CS, animals exhibited an attenuated
increase in activity relative to the controls following drug injection (Figure 1).
These differences had disappeared by three weeks post-exposure.

Rafales et al. (1980) have examined the response to drug challenge both
during and following exposure to acrylamide. Ninety-day old male rats were
exposed to 100 ppm of acrylamide via drinking water. A variety of behavior-
al tasks were conducted, including the measurement of locomotor activity in
photocell chambers. Animals were tested three times a week. Following a
one-hour baseline period, animals were injected with 1 mg/kg (s.c.) of
d-amphetamine sulfate and then monitored for two additional hours. This
procedure was followed for four weeks prior to exposure, during the six
weeks of exposure, as well as 12 weeks post-exposure. Results of the study
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Figure 1. Average activity counts * SEM prior to (water) and following a

3 mg/kg injection of d-amphetamine sulfate. Animals were tested
one and three weeks following exposure to 589 ppm CS,. (Tilson

et al., 1979)

are graphed in Figure 2. No shifts were observed in baseline activity either
during or following exposure to acrylamide. Moreover, in all phases of the
study (pre-exposure, exposure, recovery) amphetamine treatment produced

a significant increase in activity during both the first and second hours
post-injection. However, the animal's activity levels were significantly
higher during the exposure and recovery phases relative to the pre-exposure
period. More specifically, by the end of the six week exposure period,
activity in the first hour had significantly increased over the baseline drug
response and remained elevated until the seventh week of recovery. The
effect of acrylamide was even more apparent and persistent in the second
hour. This activity was elevated above the second hour, pre-exposure drug
response for each of the last four weeks of the exposure period and remained
so until the tenth week of recovery. Data from this study exemplify the
utility and power of pharmacological probes to disclose persistent neurobe-
havioral alterations in individuals that have been removed from the exposure

setting for a substantial period of time.

26



Basa;e Exposure Period . Recovery Period <
Period : ./" -}/500 g
. ,.’ -ila00 ?:)
y Qc
o {300 X3
S o S
» ql200 S &
e 100§
*
A5 } o 1 dlo g
* % «
L N ®
40 | N
—1— %
741
i * * Y4
35 ] / * 2\;/2» &1
2
* % X * %
_ 30 . 2—p—2 2—2
I
[ ]
€ 25 F _
-
S 2 \
.~
202 | 2 2
© S
]
= 15 s 5—S X
ST Ns-s-5~s | s—s—grsS
10 |
5|
0 1 1 1 1 1 1 lf," i ,:,ll

[ T |
6 7 8 9101112 1314151920 23
Week

Figure 2. Locomotor activity in rats following a 1 mg/kg injection of
d-amphetamine sulfate. S represents activity one hour prior to
injection; 1 and 2 equal activity levels one and two hours
post-injection. (Rafales et al., 1980)

In an interesting reversal of protocol, Thomas et al. (1979) have
examined the effects of microwave radiation on operant performance in rats
concurrently receiving chlordiazepoxide (Librium), a common tranquilizer. This
type of manipulation examines questions along a somewhat different vein from
those addressed above. However, the study of such interactions is highly
relevant to the occupational setting since a substantial proportion of the
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industrial work force engages in drug-taking behavior, prescribed or other-
wise. In this investigation, rats were trained to press a lever on a fixed-
interval schedule of reinforcement (FI). In essence, the first lever press
after one minute produced a food pellet. Intermittent responses had no
consequences but were recorded. After the behavior was stabilized, a dose-
effect function was established for each animal over a dose range of 1-40
mg/kg (i.p.) chlordiazepoxide HC1l. Injections occurred 30 minutes prior to
testing. This phase of the experiment was then repeated except the animals
were concurrently exposed to a ImW/cm? of microwave radiation. This level
is relatively low intensity and typical of many radar sources. Animals had
previously been adapted to a special restrainer so that this manipulation
would not affect FI performance. The results of the study are illustrated

in Figure 3. Increasing doses up to approximately 10 mg/kg of chlordiaz-
epoxide alone increased FI response rates; further increases in dose decreased
rate. In combination with microwave irradiation the shape of the curves
remained relatively constant but the magnitude of the effect was enhanced.
It should be pointed out that this synergism is not particularly beneficial to
the animal in this task and in fact is a rather wasteful expenditure of energy.
On the FI schedule, delivery of reinforcement is timelocked and independent
of response rate. Elevated responding does not alter reinforcement probab-
ility as is true of ratio schedules of reinforcement. The importance of
additional investigation along the lines of the Thomas et al. study cannot be
overstated. The interaction between drug intake and exposure to chemicals
in the work environment has relevance not only in terms of job performance
but also with regard to the potential altering of thresholds for toxic health

effects.

The drug challenge technique has also been used to study animals
exposed to xenobiotics during early development. Hughes and Sparber (1978)
imposed a drug challenge (d-amphetamine) on an ongoing operant task to
disclose postnatal consequences of in utero exposure to methylmercury. In
that study, pregnant rats were administered varying doses of methylmercury
dicyandiamide via gavage on either days 0, 7 or 14 of gestation. At six
months of age, offspring were trained, under an autoshaping procedure, to
press a retractable lever to obtain a food pellet reinforcement. Following
acquisition of the bar pressing behavior, the animals received daily sessions
consisting of 32 trials in which the number of responses emitted and latency
to make contact with the lever were recorded. Thirty responses in a session
for five sessions was set as the criterion prior to drug challenge. Analyses
of these baseline data revealed no differences in performance as a function
of treatment history. The drug challenge consisted of each animal receiving
0, 0.5, 1.25, 2.5 or 3.75 mg/kg of d-amphetamine sulfate prior to the start
of a test session. Exemplary of the data are the results seen in male
offspring of dams gavaged on day 0 of gestation. As seen in Figure 4, the
high dose of d-amphetamine failed to disrupt the rate of response or latency
to respond as markedly in the methylmercury progeny relative to their
control counterparts. Two aspects of this study are worth emphasizing. One,
the utilization of a drug probe disclosed a difference that would have been
missed if one had simply relied upon baseline data. Two, this technique
revealed an effect late postnatally, many months removed from the initial
exposure period (i.e., gestation).
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Figure 3.
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Pharmacologic probes have been most extensively applied in the investi-
gation of lead neurotoxicity. Two of these studies will be detailed. These
investigations employed similar exposure protocols, but different species,

tasks, and drug challenges.

Mailman et al. (1979) administered lead (100 mg/kg) via intubation to
rats on days 3 through 30 of life. Subsequently, at periodic intervals up to
six months of age, animals were injected with lithium (2 nmoles/kg; 4 M
LiCl; i.p.) and water consumption monitored. Such treatment has been shown
to induce polydipsia in rats. Although there were no differences in baseline
water consumption, administration of lithium caused lead-treated rats to - ‘
become significantly more polydipsic, increasing their fluid intake to nearly
three times more than the controls (Figure 5). The same trend was also
exhibited by lead-treated female rats. The persistence of this enhanced-
polydipsia suggests that a permanent alteration in neural substrate accompanied

the neonatal lead exposure.
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Figure 5. Contrast of lithium-induced polydipsia between controls and
pups intubated with lead acetate between days 3 and 30 of
lactation. Rats were tested periodically up to 6 months of age.

(Mailman et al., 1978)

31




In a study varying the length of lead treatment, Rafales et al. (1979)
examined locomotor activity in adult mice exposed to lead only during lactation
or during lactation and continued post-weaninig. At 140 days of age, spon-
taneous activity was recorded for a three hour period over five consécutive
days. During the fifth session, d-amphetamine sulfate (5 mg/kg; i.p.)
was administered. As seen in Figure 6, the lead groups did not differ from
controls in terms of baseline spontaneous activity. However, drug adminis-'
tration resulted in a significantly different alteration in activity in the lead
groups relative to the controls. More important is the fact that the: direction
of this alteration was a function of lead history. Animals eéxposed only during
lactation were hyperactive relative to controls, whereas the offsprmg w1th
lifetime histories of lead exposure were hypoactwe (Flgure 7)
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Figure 6. Baseline (1 hr. session) activity levels in controls and offspring
exposed to .5% lead acetate from birth (Con) or only during
lactation (Neo). (Rafales et al., 1979)
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The utlhty of the drug challenge technique is again substantiated by
these data in that it allows one to distinguish between two treatment popula-
tions, wherein baseline data would not have disclosed these differences. The
results also suggest that continued postweaning Pb exposure does not result
in a magnification of a deficit produced during early development but rather

produces a different picture of CNS insult.

In addition to these two studies, numerous other 1nvest1gators have doc-
umented this altered drug-responsiveness following neonatal lead exposure.
However, the direction of the drug response relative to controls has been
variable and appears to be the result of a myriad of factors including the _
nature of the task, dose, and duration of response. As a result, conflicting
theories of either a hyposensitive or hypersensitive catecholaminergic system

have been postulated.
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To achieve better clarification, we have utilized a drug-stimulus discri-
mination paradigm to address this question. This paradigm is frequently
employed in psychopharmacology and has been validated as a tool for
assessing drug-response thresholds (Ho et al., 1978). The task is analogous
to a simultaneous discrimination problem with the only cue for directing
response selection being the endogenous drug state, i.e. whether the animal
has received a drug or "no-drug" (vehicle) injection. We hypothesized that
if the Pb-exposed animal was hyposensitive to amphetamine then it would have
an elevated response threshold relative to the controls in terms of the
lowest dose capable of cueing the animal to emit the response appropriate to
the "drug" condition. On the other hand, hypersensitivity would shift the
drug discriminability threshold to below that of the controls.

Twelve female Long-Evans hooded rats (Charles River) were mated at
90 days of age and then subsequently exposed to either 0, 0.02, or 0.5%
Pb acetate in their drinking water (4 dams/group) within 12 hours after
parturition and for the duration of lactation. At weaning (day 21), two males
were randomly selected from each of the Pb-exposed litters with one male pup
placed on the Pb treatment of its dam while the other male pup was placed
on distilled water. In addition, one male was randomly selected from each of
the four control litters and placed on distilled water.

At 90 days of age, the animals were gradually reduced to 80 percent of
their ad lib weight. Animals were then trained to bar press in a two-bar
Colbourne operant chamber with reinforcement available on one lever . follow-
ing drug injection and on the "no-drug" bar following saline injection.
Reinforcement was 0.1 ml of 33 percent condensed milk solution with animals
shaped to a fixed ratio 10 (FR 10) maintenance schedule. The training dose,
1 mg/kg of d-amphetamine sulfate (s.c.), was injected 30 min. prior to
testing followed by a 30 min. test session. An animal was judged to have
accurately made the discrimination between saline and amphetamine injection if,
on the first 15 bar presses of a session, five or fewer presses were emitted
on the incorrect bar prior to the completion of 10 presses on the correct bar.
If this criterion was met on eight out of 10 consecutive sessions, then the
animal's drug dose was lowered by approximately 30 percent. Whenever
criterion was not attained on eight out of 10 consecutive sessions, the
dose was raised by 30 percent for the next 10 sessions. This lowering
and elevating of dose was done over successive 10-session blocks with testing
terminated when the animals failed to meet criterion when tested twice
(10 session blocks) at a particular dose.

Discrimination data were analyzed in terms of the lowest dose preceding
each animal's initial failure to meet the criterion on eight out of 10 consecutive

sessions as well as the dose where the final threshold level was set. Analyses
revealed significant treatment effects in that the controls had significantly

lower drug thresholds (M * SD = .14 * ,07) than either Groups .02/0

(.29 + ,04) or Group 0.5/0 (.26 * .05) or than the two groups continued on

Pb after weaning, namely Groups .02/.02 (.23 * .04) and 0.5/0.5 (.3 * ,04)
(9). There were no significant differences between original and final thresholds
or any significant interactions. ' ' ‘




The dose response curve for each treatment group during initial training
is graphed in Figure 8 and reflects the number of animals in each group meet-
ing criterion eight out of 10 consecutive sessions at each dose level. Further-
more, the performance for each group at each dose is also indicated (in
parentheses) as the mean percent of trials within a 10-block session at which
criterion was met. As can be seen from this figure, the retention of more
control animals at the lower doses is reflective of their superior discriminative

ability.

Figure 8.
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These data substantiate the hypothesm of an amphetamine-hyposensitivity
in the Pb animal. Equally important is the observation that this alteration
appears to be dependent upon early, neonatal exposure since the deficit was
seen in all Pb-exposed animals whether or not they were continued postnatally

on Pb.

There are several lines of evidence that suggest that this alteration may,
in part, reflect an alteration in the dopaminergic system. Indirect support
for this contention is provided by data from drug-discrimination studies that
have attempted to delineate the neurochemical substrate of the amphetamine
cue. Schechter and Cook (1975) employed a number of specific biogenic amine
depletors (e.g., oMPT, disulfiram) and selective receptor antagonists (e.g.,
haloperiodal, phenoxybenzamine) and observed their effects on the discrimin-
ative properties of amphetamine. Their data suggested that dopaminergic
systems mediate the interoceptive cue produced by amphetamine. Similar
findings have been reported by others.

Conclusions regarding the neurochemical effects of Pb toxicity are not as
clear-cut. In various articles, Pb has been reported to affect many of the
putative neurotransmitter systems. Thus, theories abound regarding the
neurochemical substrate involved in Pb toxicity. However, the results of the
present study suggest that with the appropriate manipulation of antagonists,
depletors, and agonists, the drug-discrimination paradigm can provide
insight into the neurochemical basis of the elevated drug thresholds observed
in the Pb animals in this study.

Because of the time required to conduct a drug-discrimination study
(minimum three-six months), this procedure should be employed in later phases
of drug-probe investigations. Positive results on less time-consuming tasks
(e.g., locomotor activity, spontaneous alteration, etc.) should precede such
studies. However, the eventual incorporation of the drug-discrimination
paradigm can then serve to better pinpoint "affected systems" for subsequent
neurochemical investigations.
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PAPER NO. 3

BEHAVIORAL CONSEQUENCES OF IN UTERO
EXPOSURE TO TOXIC AGENTS

Stata Norton, Ph.D.
Department of Pharmacology
and

 Mental Retardation Research Center
University of Kansas College of Health Sciences

INTRODUCTION

Damage to the human fetus during gestation has long been recognized,
and the description of some terata is as old as human history. Skeletal
malformations and alterations of overlying soft tissue are most easily recog-
nized. Alterations of deeper tissues are less readily detected. Functional
alterations may be unnoticed unless specific tests are used.

The classic teratogenic study which detects morphological alterations in
experimental animals, particularly rats, is well known. Recently attention
has been focused on the teratogenic potential of numerous toxic chemicals in
the environment. Exposure on the fetus can occur from maternal inhalation,
ingestion, or application to the skin. While many chemicals of interest are
man-made, or are the result of intentional addition of the chemical to the
environment by man, some exposures result from chemicals which are not added
by man to his environment. The consequences of exposure of the human
fetus to toxic agents may vary from the well-recognized skeletal malformations
resulting from thalidomide, to the damage to sensory systems from rubella
virus and the more generalized brain damage caused by in utero exposure to

methyl mercury.

Having recognized these gross defects, it has been proposed that we
should look for functional disorders as the more subtle consequences of
exposure to toxic agents, particularly disordered behavior. This proposal
has not been unproductive since it has called attention to the magnitude
of the problem of teratogenesis, even resulting in the coining of the title
"behavioral teratogenesis". There seems to be little reason not to expect that
"endocrinological teratogenesis" or "immunological teratogenesis" can also be
found. While it is important to realize that disordered function of a system
can be a significant consequence of gestational exposure to a toxic agent, it
does not follow that functional changes will be present consistently with con-
ditions of exposure below those which produce morphological damage. That is,
functional changes may not be the most sensitive indicators of damage to an
organ system. In fact, it can be stated confidently that morphological
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damage to the central nervous system sometimes occurs before functional
changes are detected (Norton, 1978). Among other reasons, the adaptability
of the central nervous system (CNS) and the numerical redundancy of some
types of neurons combine to diminish the functional consequences of neuronal
loss. Thus the limits of behavioral teratogenesis need to be explored for
each type of exposure.

BEHAVIORAL CONSEQUENCES OF GESTATIONAL EXPOSURE

In studying the effects of gestational exposure to toxic agents on behav-
ior, the duration and intensity of exposure are critical in determining the
outcome, as they are in toxic consequences in adult animals. A third factor
is unique to gestational exposures, the stage of development of the fetus.
Markedly different behavioral consequences can be obtained by as little as
24 hour difference in time of exposure during gestation in the rat (Norton
et al., 1976). Just as the morphologic effects of toxic agents can be related
to the time of exposure of the developing nervous system, so the behavioral
changes can be identified with certain exposure periods. In mammals the CNS
is laid down at an early stage of organogenesis as a simple tube, but the
later stages of neuronal multiplication, migration, and differentiation last into
postnatal life. Because the CNS develops and enlarges in a rostral direction
in a fixed growth sequence of interdependent areas, interference with cell
division or migration at a specific period in development is known to leave
a permanent and characteristic scar in the morphologic organization. It is
possible to use this specificity to begin to develop a behavioral timetable
which identifies, at least for the rodent, the time of maximum effect on a
particular behavior. For example, X-irradiation on gestational day 14 in the
rat causes more hyperactivity in the adult than irradiation on day 16. Thus,
a standard dose of irradiation has different long-term behavioral effects when
given on different gestational days (Norton et al., 1976).

The major period of organogenesis in the rat ends at about the 14th day
of gestation, where the day on which the female rat is sperm positive is con-
sidered the first day of gestation. From gestational day 14 to the end of
gestation, and into the first few postnatal weeks, the cellular components of
the CNS are increasing, migrating, and differentiating rapidly. This is a
period of vulnerability of the cells to various types of insults. It may be
expected that behavioral teratogenesis may result from CNS damage by
exposure to a toxic agent at this late period of gestatlon without major damage
to other organ systems. Since the CNS develops in a generally rostral
direction, the vulnerability of the telencephalon occurs latest in development,
even into the postnatal period. Selected cell populations in other brain
areas also have a late period of vulnerability, notably the small granule cells
in the hippocampus and cerebellum.

The unique organization of the CNS makes analysis of the relation of

structure to function very difficult. It is not possible to predict in detail the
behavioral consequences of many types of CNS damage. Even so, the different
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types of interference' with CNS development which accompany exposure to

toxic -agents. add importance to the study of these agents. :Not only are the
consequences of experimental exposure of the fetus useful in predicting danger’
to humans, but also the potential exists for increased understanding of the
relation of structure to the function by studying the behavioral consequences
of damage to different anatomical areas. In this, the most useful developmental
period is from the end of ma]or organogenesis to the end of glial prol1ferat1on
and neuronal differentiation in the early postnatal period.. :

The behavioral consequence of exposure of the fetus has the fundamental
dose response characteristics of toxic exposures in-general. = Higher -doses tend
to increase the amount of behavioral damage. This principle is not different
from the result of the classic experiment showing that removal of more and
more cerebral cortex in the rat causes progressively more d1sturbance of
maze-running ability. : o

: Several batteries of tests have been proposed for the evaluation of early
postnatal behavior after gestational exposure to toxic substances, such as the
battery described by Vorhees and colleagues (1979). The behavioral batteries
evaluate the development of various reflexes and complex behaviors and c
usually include time of appearance of developmental landmarks such as eye
opening. A simple battery is given in Table 1. It is important that these
early postnatal tests are administered in ways which detect the time of onset
of a particular simple or complex behavior. For example, the auditory startle
response ‘is just present at about postnatal day 12 (Culver and Norton, 1976)
and the passive avoidance response is first acquired at about day 15 in rats
(Schulenberg et al., 1971) : :

TABLE 1. EVALUATION OF BEHAVIORAL TERATOGENESIS

Behavior tested .Test method ) References

1. Sensory .developm‘ennt/function Auditory startle response ‘ Fleshler, v1965; .
' Eye opening Culver and Norton, 1976
2.  Visual-motor coordination Surface righting Altman and Sudarshan, 1975;
Reflex suspension . Barlow et al., 1978;

Brunner et al., 1978

3. Locomotor activity - Open field exploration - " Walsh and Cummins, 1976" -
4, Perseveration/habituafgion Olton-type maze Norton, 1976} )

' ’ Repeated maze exploration Olton et al., 1978
5. Conditioned acquisition/retention " Passive avoidance Schulenberg et al., 1971;

Riley et al., 1979
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The results of the application of test batteries to early development of
behavior after exposure to a toxic substance have often been somewhat
disappointing. It may seem intuitively correct that behavior should be a
subtle way of detecting damage in the absence of morphologic abnormalities and
this doctrine has been proposed in various recent publications (see, for
example, Spyker, 1975). However, the postnatal behavioral consequences of
“brain damage to the fetus are complex. The following argument presents an
attempt at categorizing some of these consequences and relating them to the
type of damage caused by toxic agents.

There are several ways in which toxic substances affect the fetus in
reproductive studies (Table 2). First, the prenatal genetics may be damaged
if the adults are exposed prior to mating, resulting in transmission of the
genetic change to the chromosomal make-up of the offspring. In addition,
toxic substances may alter the maternal environment either by genetic effects
on the mother, in which case the toxic substance need not be present during
gestation, or by being present during gestation and altering the environment
in which the fetus develops. In the latter case, the damage may be directly
to the fetus or indirectly through toxicity to the mother. This concept is
elaborated in Figure 1. The figure shows three types of fetal damage
resulting from the action of toxic agents on the maternal environment.

TABLE 2. SOURCES OF DAMAGE TO FETAL CNS

Parental genetics
Maternal environment
Maternal genetics
Maternal exposure to toxic agents

Feta! Normal
Neuronal 4 Postnatal -
A 7‘| Death \ W‘Behavior o
" Exposure Maternal || Fetal [ Fetal Functional BBreakdown Functional
to b Environmerét Neuronal CNS Adaptation| | under Recovery
Toxic - Genetic | |Maldevelopment Challenge
Agent Damage
& / \A\f . Xl
Fetal Postnatal " C
P hysiologica . Behavioral
Damage Damage

Figure 1. Three categories of fetal CNS damage (A, fetal neuronal death; B,
fetal neuronal genetic damage; .C, fetal phys1olog1ca1 damage) and
three paired behavioral consequences (A, postnatal behavioral
damage followed by functional damage adaptation and normal post-
natal behavior; B®, normal postnatal behavior followed by breakdown
under challenge and postnatal behavioral damage; C?!, postnatal
behavioral damage followed by functional recovery and normal
postnatal behavior).
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TYPES OF GESTATIONAL DAMAGE

There may be a loss of neurons in the CNS. Cells undergoing mitosis
or other cells with unique metabolic demands may be particularly susceptible.
Death of germinal cells in the ependymal lining of the ventricles will have long
term consequences on the cell population of the brain. Reduction in the number
of germinal cells may reduce the total population of neurons and may alter
the morphology in other ways, since the brain is built .on a sequential plan
and loss of one set of dividing cells may interfere with subsequent migration of
new waves of cells. Thus, the complex structure of the brain makes it
difficult for repair processes to restore the developmental pattern to normal
after loss of one wave of cell division. Carbon monoxide is an example of an
agent which causes death of cells in the ependymal layer through hypoxia. An
example of the permanent morphologic consequences of hypoxia of the ependymal
layer is the production of ectopia of the caudate nucleus (Daughtrey and
Norton, 1980).

Some agents may cause chromosomal damage, not all of which results in
cell death. Cells with chromosomal damage may survive but function inade-
quately. X-irradiation is an example of an agent which has the potential
for causing chromosomal damage at levels which do not kill all dividing cells.
There is evidence that neurons in animals subjected to gestational irradiation
have smaller nuclei than normal and tend to show early degenerative changes
in postnatal development (Norton, 1979; Schneider and Norton, 1980). While
this is not direct evidence of chromosomal damage, it is evidence that cells
which have not been killed by X-irradiation may be functionally abnormal.

Another type of toxic effect on the neuron is proposed in the category,
fetal physiological damage, in Figure 1. An example is the condition of
hypothyroidism which may be induced in the developing fetus by various
agents. The thyroid gland develops functionally about gestational day 17 in
the rodent (Theiler, 1972). Although early exposure of the fetus to
goitrogens does not result in marked morphologic changes in the CNS, the
effect of loss of thyroid hormones during the period of neuronal differentiation
is dramatic. Thyroid hormones are essential in the late fetal and early post-
natal periods for the normal formation and elaboration of neuronal processes.
Reduced dendritic branching is characteristic of neonatal rats that have been
exposed to antithyroid chemicals during the perinatal period (Comer and
Norton, 1980).

The three types of damage just discussed, neuronal death, neuronal
genetic damage, and fetal physiological damage, are listed in Table 3 with an
example of a toxic agent which causes each type of damage.

TABLE 3. TYPES OF DAMAGE TO FETAL CNS
(Letters A, B and C refer to Figure 1)

Damage . Example
A. Fetal Neuronal Death Hypoxia from CO
B. Fetal Neuronal Genetic Damage X-irradiation
C. Fetal Physiological Damage Antithyroid chemicals
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Figure 1 categorizes the behavioral consequences of the type of CNS
damage just described into the two obvious possibilities, normal or abnormal
behavior. Normal behavior may result in the presence of CNS damage if the
redundancy of the cell complement of the CNS has not been exceeded by the
damage or if the functional adaptation of the CNS is adequate to restore
normal function. If either of these two protective mechanisms is exceeded,
behavioral alteration will result. In the analysis of behavior after gestational
exposure there is an additional complication, which is the long-term conse-
quence of neuronal cell damage. The immature brain may show functional
alterations for which the mature brain can compensate, since the adaptive
process may continue over a prolonged postnatal period. An example of this
is suggested in Table 4 where neuronal cell death in the fetal period results
initially in behavioral damage seen as juvenile hyperactivity and followed by
recovery in the adult. This condition has been suggested as a possible
consequence of hypoxia in the perinatal period in humans and has been
demonstrated in the neonatal rat exposed to carbon monoxide. When 5-day-old
rats were exposed to carbon monoxide to the point of severe respiratory
distress over a period of 1 to 2 hours, the rats developed early hyperactivity
which persisted until they were 3 months old, followed by complete recovery
from the hyperactivity {Culver and Norton, 1976).

TABLE 4., PREDICTED BEHAVIORAL CONSEQUENCES
(Letters Al, B! and C?! refer to Figure 1)

A' Fetal neuronal cell death —> behavioral adaptation with early functional
recovery ("juvenile hyperactivity")

B! Fetal neuronal genetic damage ——> chronic functional abnormality and/or
mature breakdown of adaptation ("early senility")

C! Fetal neuronal cell differentiation delay (e.g. hypothyroidism) —— marked
developmental delay followed by some functional recovery

The consequences of damage to the genetic material of the neuron may
result in a cell which is able to survive but which may not be able to respond
adequately to functional demands. Such a cell would be predicted to respond
poorly to challenge; for example, functional challenge from administration of
psychoactive drugs. In addition, cells with irreparable DNA damage might
well show an early type of senility; that is, the neuron might function ade-
quately at first in the young adult animal but might not continue to function
normally throughout life and might show early degenerative changes. Evidence
from study of the consequences of gestational irradiation supports these
possibilities. It has been shown that young rats irradiated during gestation
(125 R on gestational day 15) are not hyperactive compared with control rats.
However, the irradiated rats overreact to the administration of low doses of
morphine sulfate (2 mg/kg, s.c.) by becoming more hyperactive than control
rats receiving the same dose of drug (Schneider and Norton, 1979). The same
parameters of X-irradiation also result in excessive accumulations of dendritic
varicosities and loss of dendritic spines on cortical pyramidal neurons in
mature rats (about 6 months old) (Norton, 1979). These changes are typical
of degenerative changes in neurons under a variety of conditions (see, for
example, Bernstein et al., 1975; Scheibel et al., 1974). Along with morphologic
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signs of degenerative changes in the CNS, gestationally irradiated rats
become progressively more hyperactive as they mature (Norton, 1979).

Two types of damage have been discussed: interference with neuronal
cell production and genetic damage caused by toxic substances. The third
category of toxic effect occurs after production of neurons has essentially
ceased. At this time the immature neuron still must undergo differentiation
to form the mature neuron with all its processes and synaptic connections.
At this point toxic agents may interfere with normal differentiation, resulting
in maturational delay. Extreme malnutrition has been reported to cause
maturational delay. However, the classic cause is hypothyroidism. An -
extensive number of agents have been reported to depress the thyroid of the
developing animal. The critical period for exposure to goitrogens is in the
perinatal period when the presence of thyroxine is required for normal
neuronal differentiation. Table 5 contains a partial list of agents known to

induce hypothyroidism.
TABLE 5. ENVIRONMENTAL ANTITHYROID AGENTS

Goitrogen : References
Thiocyanates Ekpechi et al., 1966
Oxalic Acid Goldman and Doering, 1979

Anions (17, Br , NOj3 , Cl10, ) Barker, 1936;
Langer and Greer, 1977;
Sternthal et al., 1980

PBB's Wastelle et al., 1978;
Bahn et al., 1980
DDT, DDE Naber, 1977;
Ringer and Polin, 1977
Pb, As, Co Underwood, 1973;
' Langer and Greer, 1977
Fetal Ethanol Kornguth et al., 1979
Lithium Langer and Greer, 1977

Environmental exposure to most of these agents may occur. The behav-
ioral consequence of hypothyroidism is maturational delay which parallels the
delay in neuronal differentiation. Table 6 gives a brief comparison of three
developmental behaviors in control and in rats made hypothyroid by adminis- -
tration of methimazole to the mother from day 17 of gestation to postnatal day
10. These data are taken from a report by Comer and Norton (1980). The
extent of the developmental delay is very marked in these experiments. It
seems appropriate to suggest that whenever marked developmental delay
occurs as a result of gestational exposure to a toxic substance, an effect on
the thyrmd should be suspected : :
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"TABLE 6. BEHAVIORAL DEVELOPMENT IN
HYPOTHYROIDISM IN RATS

" Behavioral Test o _ ' Postnatal Day of Onset or Duratlon
' ' ' - of Response

_ Control . " Hypothyroid .
Onset of Auditory Startle Day 12 " Day 17
Response ‘ - '
. Onset of Eye Opening - Day 12 Day 18
Duration of Reflex Suspension " 30 Sec 0 5 Sec
(Tested Day 14)
~CONCLUSIONS

Some types of damage to the fetal CNS which can occur late in gestatmn,
after major organogenesis, have been described. The types of damage are
described as consequences of a) hypoxia, b) damage to DNA, and c¢) suppres-
sion of thyroid hormones. Characteristic and different behavioral patterns
emerge in each of these conditions.

Hypoxia causes focal cell death, probably in areas of unusual metabolic
vulnerability. Hyperactivity in the young animal is a behavioral consequence
and recovery may occur with maturation. Various agents may cause fetal
hypoxia, including agents which depress maternal respiration, oxygen-carrying
capacity of the blood, maternal blood pressure, or cell respiration. '

Damage to the genetic material in surviving neurons, presumed to result
from various agents which interfere with DNA replication, such as X-irradiation,
has little initial behavioral consequence unless the animal. is challenged.

Maturity signals an excessive level of neuronal degeneration and the develop-
ment of hyperactivity. This argument predicts that gestatlonal exposure to
hydroxyurea, for example, would resemble X-irradiation in causing little
behavioral damage in early postnatal life. _Th1s predicted result agrees with
the report on hydroxyurea by Vorhees and colleagues (1979). '

" The behavmral pattern of effect of hypothyr01d1sm is marked developmental
delay, which is not associated with exposure to the other types of agents,
followed by considerable recovery if the gmtrogen is removed early in'postnatal
life. Various agents, some of which are listed in Table 5, can cause
hypothyroidism. = Some behavioral development tests are shown in Table 6.

The three categories of damage are summarized in Table 7. It is important
to emphasize that this classification is tentative and needs to be reviewed and’
expanded. It is not intended to describe in any detail the various behavioral
alterations which mlght be demonstrated by application of a series of .
behavioral tests.  Nor is it intended to account for all of the unique chem1cals
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which may cause toxicity limited to damage to a single cell type or special
biochemical mechanism. Rather, it is intended to point out that agents may
cause fetal hypoxia by a variety of means; many agents which are recognized
to be fetotoxic can damage DNA; and more compounds suppress the thyroid
than the classic goitrogens. It may be argued that the separation into three
distinct categories in Table 7 is not quite accurate. Hypoxia might damage
DNA in replicating cells and certainly irradiation can kill cells as well as
damaging DNA. It is not possible to achieve a complete separation of agents
into one type or another. With varying exposure levels there may be con-
siderable overlap among the three types of cellular effects and the behavioral
consequences. However, information is accumulating rapidly in the field of
behavioral teratogenesis. It is important to begin to loock for common
behavioral consequences and to consider the common categories of causation
into which fetotoxic agents may be placed.

TABLE 7. TENTATIVE CLASSIFICATION OF BEHAVIORAL TERATOGENESIS

CNS Effect Immature Behavior Adult Behavior

Cell Death Hyperactivity Recovery

Cell Genetic Damage None Hyperactivity

Cell Differentiation Delay Maturational Delay Recovery
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Sensory testing plays an important role in current neurological practice.
This role is marked by the routine inclusion of many standard tests (such as
the visual acuity chart and tuning fork) in the clinical examination (DeJong,
1979). However, such testing procedures have not as thoroughly permeated
the field of occupational medicine. Furthermore, there is now increasing
awareness that these simple tests alone may prove inadequate in detecting
incipient toxicity, a major goal of occupational medicine.

Most clinical tests of sensory function are deficient in two ways. First,
they usually sample a narrow range of functions within a sensory modality and
therefore can easily overlook toxic effects on other aspects of sensation. For
example, despite profound impairment of color vision (Raitta et al., 1978),
victims of n-hexane poisoning may have normal visual acuity. Second, even
when examining the correct function, clinical tests may only be adequate for
detecting profound losses of sensation. The tuning fork, used to measure
a patient's sensitivity to vibration, is such an example. More refined tech-
niques for measuring vibration sensitivity are needed to detect and quantify
even subtle alterations of somatosensory function. .

This paper will examine the occupational toxicity of visual and somatosen-
sory systems with the goal of selecting the most sensitive and informative
clinical and laboratory tests. The relative value of various tests will be
judged by their sensitivity to selective toxic effects on these two sensory
systems. A similar approach can be taken to the study of toxic effects on -
audition, olfaction, and gustation, but this will not be discussed here.

VISUAL SYSTEM

The range of chemicals found in occupational settings that are capable of
damaging the visual system is enormous. A few examples are listed in Table
1. One can imagine that the task of detecting visual toxicity would be over-
whelming if the signs of poisoning due to each of these agents were unique.
Fortunately, however, the effects of many toxicants and drugs converge on
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a limited set of visual dimensions. In the following section, we will point out
some functions commonly affected by chemical insult, and describe techniques
developed to test them. Thorough and multifaceted sensory testing is usually
necessary for the detection and differential diagnosis of toxic disorders of
vision. We will not consider visual toxicity of the cornea, lens or retina

that can be directly observed by a physician with the aid of a slit lamp

or ophthalmoscope (Grant, 1974).

TABLE 1. TOXICANTS AFFECTING VISION

ARSENICALS
CARBON DISULFIDE
n-HEXANE

LEAD

METHANOL
TRIETHYL TIN

CENTRAL AND PERIPHERAL VISION

The center of the visual field (center of gaze) is specially adapted for
resolving fine details. The great importance of such details in our routine
activities forces us to continually move our eyes to position interesting objects
in this central region. Automobile drivers sequentially scan the important
features of the environment with their central vision: oncoming cars, road
signs, rear view mirror, speedometer, etc.; they use their peripheral vision
to provide orienting and alerting information.

This distinction is important for our purposes because some chemicals
selectively damage central vision while others destroy peripheral vision
(Merigan, 1979). Central vision is the target of methanol, lead, carbon
disulfide, and thallium, as well as other environmental chemicals and drugs
(Grant, 1974; Potts, 1980). The pathologic basis of this effect may be a
selective vulnerability of the papillo-macular bundle, a group of nerve fibers
arising from the central portion of the retina (Potts and Gonasun, 1975).
Sensory testing of central vision usually relies on the unique ability of this
region to resolve fine details. Traditional visual acuity tests are most useful,
although color vision and sensitivity to motion are also valuable assays of
central vision (Merigan, 1979). Central deficits can also be detected by a
perimetry technique (Aulhorn and Harms, 1972) in which small test stimuli
are used to measure the sensitivity of discrete regions throughout the
central visual field.

An equally diverse group of toxicants can impair peripheral vision
including arsenicals, carbon monoxide, chloroquine, and quinine (Merigan, 1979).
Pathologic studies indicate that these chemicals appear to damage ganglion
cells or the pigment epithelium in the retina (Grant, 1974; Potts, 1980).
Methylmercury impairs peripheral vision by damaging a portion of visual cortex
(Takeuchi, 1962). Perhaps the most sensitive technique for detecting
alterations in peripheral vision is the measurement of visual fields (Harrington,
1976; Merigan, 1980). This technique maps the most peripheral locations in
the visual field at which a small test spot can be detected. It can be used to
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identify even small and irregular losses of peripheral vision. The major draw-
back of visual field measures is the difficulty and expense of obtaining them
because of the requirement for complex equipment, a skilled operator, and
great patient cooperation. Given these practical obstacles, it would be most
helpful if a simpler test were devised for peripheral vision which would be
suitable for field testing of workers. Experiments in our laboratory (Merigan,
1980; Merigan, in preparation) indicate that temporal resolution (flicker
detection) measured with large stimuli is a very specific test for peripheral
vision. The critical feature of this test is the use of a stimulus which covers
a wide region of the visual field. Such a target optimally stimulates peripheral
vision because of the broad spatial integration found near the borders of the
visual fields. In our studies of non-human primates we have found that
reduced temporal resolution reliably accompanies visual field constriction.

COLOR VISION

Many toxicants and drugs alter color vision (Grant, 1974; Verriest, 1972,
1978). It is not clear whether these effects reflect neural or photopigment
alterations. A recent report of particular interest for occupational medicine
(Raitta et al., 1978) described changes in color vision of workers exposed to
n-hexane. While numerous techniques are available for assessing color vision
(Verriest, 1978), the Farnsworth-Munsell 100 hue test (Farnsworth, 1943),
which was used in the study of Raitta et al. (1978), is particularly useful
in visual toxicity testing. The Farnsworth-Munsell test is easily administered,
and can reveal both the nature and degree of color vision deficiency (Wright,
1972). Foulds et al. (1970) and Koliopoulos and Palimeris (1972) have also
used this test to examine the toxic impairment of human color vision.

OTHER ASPECTS OF VISUAL FUNCTIONS

There may well be additional dimensions of visual toxicity whose impor-
tance will become clear with further study. Fox and Sillman (1979) have
suggested that lead and other heavy metals may damage rod (but not cone)
photoreceptors. Techniques are available to test the separate contribution
of rods and cones to visual function. In one test, rod function is examined
by dark adapting the patient and measuring visual capacities with very dim
targets. In a second method (Stiles, 1959), rod vision is tested while cone
input is minimized by flooding the eye with intense red light. Conversely,
cone vision may be tested while rod input is suppressed with intense blue
adapting light.

A second example involves the demyelinating effects of such occupational
and environmental toxicants as arsenicals, trialkyl tins, thallium, and tellur-
ium. The visual consequences of demyelination in multiple sclerosis have been
extensively studied (Regan et al., 1977), and may provide a model for examin-
ing the visual effects of the above agents. Tests of visual acuity have been
useful in detecting both multiple sclerosis (Regan et al., 1977) and experi-
mental demyelination of the optic tract (Jacobson et al., 1977). However,
the sensitivity of these tests can be greatly increased if, in addition to
visual acuity, the contrast sensitivity of the patient is determined (Regan
et al., 1977). 1In this increasingly popular technique, spatial vision is.
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tested with grating patterns. - These test patterns vary in bar width (or
spatial frequency) from extremely broad bars to striations so narrow as to.
exceed resolution. For each pattern, the contrast between the light and

dark bars is gradually reduced until the patient can no longer detect the
pattern. Regan et al. (1977) have found that the resulting contrast
thresholds are exquisitely sensitive to demyelination caused by multiple
sclerosis. Often sensitivity to broad bar patterns was greatly reduced where-
as visual acuity remained normal. The analogy to multiple sclerosis suggests
that this test is well suited to the detection of subtle visual deficits in’
populations exposed to demyelinating agents.

SOMATOSENSORY SYSTEM

Many physical and chemical agents found in industrial contexts have
caused peripheral nerve disorders as reflected by cutaneous sensory dysfunc-
tion. Some of these compounds, such as n-hexane (Herskowitz et al., 1971)
and methyl n-butyl ketone (Billmayer et al., 1974; Mendell et al., 1974;
Wickersham and Fredericks, 1976) are used as solvents. Carbon disulfide
(Knave et al., 1974) and acrylamide (Garland and Patterson, 1967; Takahashi
et al., 1971) are neurotoxic chemicals of importance in plastics and rubber
manufacturing. Arsenic (Garb and Hine, 1977; Feldman et al., 1979) and
thallium compounds (Gastel, 1978) are found in insecticidal sprays and dusts
and in glass. Organic mercurials (Hunter et al., 1940; Ahlmark, 1948) serve
as seed:dressings, triorthocresyl phosphate as a plasticizer (Susser and
Stein, 1957), and methyl bromide (Kantarjian and Shaheen, 1963) as a
refrigerant and fumigant. :

New studies keep extending the list of neurotoxic agents. For example,
ethylene oxide, which is mainly known as a precursor for industrial chemicals,
is also extensively employed in the sterilization of heat-sensitive hospital
equipment. Several workers were recently exposed to this gas through a leak
from a large ethylene oxide sterilizer, and shortly /thereafter developed
neurological sequellae partially involving the peripheral nervous system
(Gross et al:, 1979). - In another factory, several workers experienced signs .
and symptoms of sensory neuropathy from formulating an ant pesticide,
chlordecone, better known as Kepone (Martinez et al., 1978). More recently, .
introduction of a new catalyst in the polyurethane foam factory added
d1methylammoproplomtrﬂe to.the list of chemicals able to induce sensory nerve
disorders (Keogh et al., 1980; Kreiss et al., 1980). S

Intoxication by any of these chemicals can result in sensory-motor
dysfunctions of the extremities expressed in a stocking-and-glove distribution.
Signs -and symptoms include numbness, tingling, burning sensations, pares-
thesias, and dysesthesias as well as impaired cutaneous sensation. Howeyer,
recent. findings suggest a degree of specificity in both the patholog1c and)
functlonal expressmn of per1phera1 neurotoxmlty S

!

EFFECTS ON LARGE MYELINATED FIBERS

The per1phera1 nervous system contains both myelmated and unmyelmated :
fibers. The fiber diameter histogram for myelinated fibers is bimodal. The ~
peak of large myelinated fibers is found at approximately 10 microns diameter
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and the peak of small fibers at around 4 microns. Unmyelinated fibers have
axons of about 0.2 to 3.0 microns in diameter.” These morphologic distinctions .
are important because they are assoc1ated w1th dlfferentlal vulnerablhty to -
tox1c msult » : e ; :

Sural nerve b10p51es from 1ntox1cated humans have: shown arsenic 1nduced
peripheral neuropathies and drastically reduced densities of large diameter
myelinated fibers, whereas the population of small diameter fibers was -fairly
intact (LeQuesne and McLeod, 1977). Such a differential vulnerability of -
large fibers is also seen after intoxication with lead.(Fullerton, 1966),
triorthocresyl phosphate (Cavanagh, 1964), and acrylamide (Hopkms, 19705
Hopkms and Gllhatt, 1971; Sumner and Asbury, 1974) :

These cutaneous myehnated fibers of large dlameter pr1mar11y serve the K
“'sense of touch, vibration and two-point discrimination. Several techniques

are available to test these sensations. Ih the conventional neurological
examination, touch, two-point discrimination and vibration . sensitivity are
typically tested with a cotton wisp, a pair of calipers and atuning fork)
respectively.  Although these screening tests are suitable for: routine
examination, they may be inadequate for detecting subtle deficits. Thus new
techniques: have been dev1sed to. prov1de quant1tat1ve measures of cutaneous - :
sensitivity. SR f ; '

Electrodermal stimulation provides a convenient, easily calibrated measure.
'Electricity applied to the skin first excites low resistance cutaneous. fibers.
Since resistance of nerve fibers is inversely related to fiber diameter, low
intenisity electric stimulation offers a convenient way of testing the functional
integrity of large diameter fibers (Uttal, 1957; Hahn, 1958; Rollman, 1969).
The techniques of electrocutaneous stimulation are well developed and - have
been successfully apphed to the’ study of neurologlc diseases (Conomy and
Barnes, 1976) ' : s , :

‘ ‘The functional role of large myelinated fibers can be examined in igreater .
detail 'with tests of vibration sensitivity. Electrophysiological and psycho-
physical studies suggest that the detéction of low and high frequency. wvibration
is mediated through two different populations of receptors (Verrillo, 1963, 1965;
Mountcastle, 1967, 1972). Pacinian corpuscles,::on account:of. their viscoelastic
properties, are the receptors of high frequency vibration. The receptors :
for low frequency vibration have not been identified anatomically, although
Meissner corpuscles are likely candidates. " Unfortunately,. it has proven
difficult to develop appropriate edquipment  for measuring vibration sensitivity.
Most devices from the tuning fork -and its electrified versions (Gray, 1932y
Collens et al., 1946), to more elaborate vibrators (Laidlaw.and Hamilton;, 1937;
Edwards et al., 1973; Arezzo and Schaumburg, 1980) have technical limitations.
Recently, however, a computerized system for the quantitative study of
vibration sensitivity (based on the work of Verrillo ‘and Mountcastle) has been -
developed at the University of Rochester. An electromagnetic vibrator delivers
stimuli whose amplitude and frequency can be independently controlled. This
apparatus has been''used to asseéss vibration sensitivity in humans . and monkeys
(Maurissen, 1979; Maurissen and Weiss, :1980), -a measure which has proven . -
sensitive to toxic damage of the peripheral nerve (Maurissen; in press). . = ui-
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Vibration sensitivity can also play a role in exploring specific toxic effects
on cutaneous end-organs. Investigation of the dying-back neuropathy
produced by acrylamide has shown that sensory nerve terminals degenerate
before motor terminals. The hierarchy of sensory terminal vulnerability to
this agent is headed by Pacinian corpuscles, which are the first to degenerate,
followed by primary, and, later, secondary muscle spindle afferents
(Schaumburg et al., 1974). Pathophysiological examination of Pacinian
corpuscles discloses impaired mechanosensitivity at a time when no ultrastruc-
tural alterations can be detected (Spencer et al., 1977a,b). Triorthocresyl
phosphate also induces ultrastructural changes in the Pacinian corpuscles,
which may precede atrophy of the nerve terminal (Krishnamurti et al.,

1972). Neurohistological and neurohistochemical studies with this compound
have also revealed degeneration of peripheral sensory organs (Cavanagh,
1963; Vij and Kanagasuntheram, 1972).

The fate of Meissner corpuscles after intoxication has received less
attention. Ridley (1968) reported a decreased Meissner count in a case of
thalidomide neuropathy. Dickens and associates (1963) described a case of
sensory neuropathy possibly due to organic solvent exposure where a dermal
biopsy showed an absence of cholinesterase-reacting Meissner corpuscles.
These studies suggest that somatosensory end-organs can be markedly damaged
by exposure to toxic chemicals. Vibration sensitivity measures are a powerful
technique for testing the functional integrity of these receptors.

UNMYELINATED AND SMALL MYELINATED FIBERS

Other toxic chemicals can selectively reduce the number of small diameter
fibers and leave the large fiber population relatively untouched. Chlordecone,
a chlorinated hydrocarbon insecticide, predominantly destroys unmyelinated
fibers (Martinez et al., 1978). Clioquinol, an intestinal amebicide, is
responsible for the epidemic of subacute myelo-optic neuropathy (SMON).
SMON patients have been classified into sensory and sensorimotor types. Nerve
biopsies from patients suffering from the sensory syndrome revealed that small
myelinated fibers were affected more than large myelinated fibers (Tohgi et
al., 1977). Another example of selective degeneration is that of capsaicin,
the pungent constituent of red pepper. Administered to neonatal rats,
capsaicin caused selective degeneration of unmyelinated fibers (Jancso et al.,
1977). : :

Unmyelinated and small myelinated fibers mainly serve the sensations of
pain and temperature. A classical distinction is made between the sensation
of cold conveyed by small myelinated fibers and warmth conveyed by
unmyelinated fibers (Darian-Smith, 1977). Some large cutaneous fibers,
however, can also play a role in transmission of pain (Willer et al., 1978). A
distinction is also made between first (or acute) and second (or constant) pain
sensations, which are transmitted by small myelinated and unmyelinated fibers,
respectively (Nathan, 1977).

'In the clinical examination, pain and temperature sensitivity are usually
assessed with a pin and test tubes containing hot or cold water. More elaborate
equipment is available. For example, temperature sensitivity can be assessed
with the "Minnesota thermal disks" (Dyck et al,, 1974). They consist of four
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disks made of materials which have different heat transfer characteristics.

Placed on the skin, these disks have distinctive degrees of coldness. Advances in
semiconductor technology have led to the development of new thermostimulators.
They generate the thermal stimuli necessary to accurately measure cold, warm,
and pain thresholds. Such devices have also been adapted to the study of
sensation in patients suffering from nerve disorders (Fruhstorfer et al., 1976;
Hamann et al., 1978). As evidence continues to accumulate of selective

toxicities in the somatosensory system, these tests may become increasingly
valuable for the detection and differential diagnosis and followup of peripheral
neuropathies. : :

In. summary, exposure to many industrial and environmental chemicals can -
cause impairment of visual and somatosensory function. Such effects can be
detected at a very early stage with sensitive and carefully chosen sensory -
tests. In selecting these tests three characteristics are of primary importance;
tests should be quantitative, sensitive to subtle alterations in sensory
function, and they should examine those capacities most subject to tox1c
insult. '
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INTRODUCTION

The passage of the Occupational Safety and Health Act brought into
action a program intended to help identify and prevent worker's exposure to
occupational safety and health hazards. Implementation of this law has served
to help increase public awareness of the possible deleterious effects of toxic
substances found at the workplace. One needs only consider such examples
as worker's exposure to asbestos (carcinogen), Kepone (neurologic and
reproductive effects), or dibromochloropropane (male sterility) to realize
the serious hazards posed by some industrial exposures. Clearly, the best
means by which to reduce such occurrences is through a program of pre-
vention. A necessary component of a prevention program is to detect early
the functional effects of a toxic substance prior to the development of
irreversible, pathologic damage. With regard to the nervous system, one
approach to early detection of functional effects is through use of behavioral
procedures. The use of methods and procedures from the behavioral sciences
to detect the effects of toxic substances is called Behavioral Toxicology.

The purpose of this paper is to provide an overview of one aspect of
behavioral toxicology, occupational behavioral toxicology. The content of this
paper will therefore be restricted to investigations of humans exposed to
chemicals of occupational relevance. In addition, the emphasis will be on
human workplace investigations., : '

As stated previously, this paper will present an overview of occupa-
tional behavioral toxicology. As the term is used in this paper, occupational
behavioral toxicology refers to human laboratory and workplace investigations,
and for which the concern is the effect of industrial chemicals on behavior.
Also, it should be understood that "behavior" is used in its broadest sense,
i.e., can include: a) human performance on structured performance tasks,
b) subject's responses on measures of subjective distress scales (e.g.,
personality inventories), or; c) observations made by clinicians of abnormal
behavior. The intent of this paper is to acquaint the reader with the
following: types of occupational behavioral toxicology studies, problems and
limitations of such studies, and future directions for occupational behavioral
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toxicology. For the interested reader, a more comprehensive description of
occupational behavioral toxicology can be found in another source (Johnson
and Anger, 1981).

3 The premise underlying the initial development of behavioral toxicology as
" a science was that impairment of behavior would be among the earliest
indicators of an organism's response to a toxic substance. Early detection
meant preventive action could be taken prior to the development of a patho-
logic condition. To an extent, the premise has proved to be valid - though by
no means has the "early detection" of toxic damage been the outcome of all
behavioral investigations. Nor has occupational behavioral toxicology yet
become the end-all in providing a sensitive tool for use in preventive
medicine. Human behavior is too complex for such a simplistic concept. Still,
occupational behavioral toxicology, within its limits, has much to be commended
for the study of workplace toxic substances. Some important uses of
occupational behavioral toxicology include the following:

a) In appropriately designed studies, as an indicator of func-
tional impairment of the nervous system at toxicant exposure
levels below those which produce overt tissue or organ
damage;

b) as a noninvasive means for monitoring the effects of worker s
exposure to toxic substances;

c) asa cornplement to neurological methods as a means of
providing information about the central nervous system; -

d) as an indicator of impaired behavior that could compromlse a
©  person's safe job performance, S

€) as an indicator of worker s exposure levels to toxic substances
that may require development of occupational standards.

In summary, occupational behavioral toxicology, while still in the
developmental stage as a science, can provide the clinician or toxicologist
with evidence of the functional effects of toxic chemicals, particularly those
whose target is the nervous system.

HISTORICAL DEVELOPMENT

To appreciate the current status of behavioral toxicology, a hlstorlcal
review of this science will help provide a greater perspective.

The beginnings of what is now called behavioral toxicology occurred in
the United States in the early 1960's. The initial interest in behavioral
toxicology sprang from three sources. First, the study of the effects of
drugs on behavior (behavioral pharmacology) had become relatively well
accepted, and some behavioral investigators (Armstrong et al., 1963) saw the
opportunity to use similar methods for the study of toxic industrial substances.
Second,  batteries of neuropsychological tests had been designed to evaluate
organic brain damage and developmental behavioral disorders. 'A third, and
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ultimately more important, factor in shaping the interest in behavioral toxicology
was the need for government regulation of toxic substances in the community
environment and at the industrial workplace. The public concern against
enviromental pollution grew, and this concern prompted Congress to create

the mechanisms by which the Government would control potential exposures to
environmental pollutants and toxic substances. Legislation such as the Clean
Air Act, the Occupational Safety and Health Act, and the Toxic Substances
Control Act provided the necessary legal basis for government agencies to
investigate and establish exposure limits for toxic chemicals, plus the

financial support to fund research efforts dealing with such problems.

Aided by the new interest of regulatory and standards settings groups,
behavioral toxicology gradually began to grow. Work by Goldberg et al.
(1962) on the behavioral effects of industrial solvents marked an early begin-
ning. Later, Beard and Wertheim (1967) reported that human exposure to
low concentrations of carbon monoxide impaired subject's performance on a
laboratory task requiring auditory time discrimination. This report ultimately
had a major impact on the establishment of a Federal air quality standard for
carbon monoxide. The Beard and Wertheim study, because of its implications
for regulatory actions, played a major role in the development of interest in
behavioral toxicology in the United States and further stimulated funding of
behavioral toxicology research by government agencies.

During the 1970's interest grew in behavioral toxicology along three
fronts: 1) investigations of effects of toxic substances on operant behavior
in laboratory animals; 2) human laboratory studies of effects of low concen-
trations of workplace chemicals on structured human performance tasks, and;
3) cross-sectional epidemiological and clinical studies of workers occupationally
exposed to substances thought to adversely affect the nervous system and
human behavior.

Of late, behavioral tox1cology has progressed beyond simply obtaining
information that may be useful in standards settlng and regulatory action.
Such information has been typically developed in studies of groups and, as
such, is not easily applied to individuals comprising the group. The
direction is now to develop additional behavioral tests that are predictive
of early signs of toxicity, but which also permit interpretation for
individuals, not just groups. The development of such tests: will.require
standardized methods and norms for populations that are adjusted for sex,
age, education and socioeconomic factors. While the task is formidable,
progress toward that end is evident (Valciukas and Lilis, 1980).

TYPES OF STUDIES

The types of occupational behavioral toxicology studies have been
grouped (Hanninen, 1981) according to the type of toxic effect expected,
i.e., acute or chronic. Hannmen s class1f1cat1on 1s as follows:
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1. Assessment of acute or subchronic effects

a) in experimentally induced exposures performed under laboratory
conditions;

b) in workplace studies of occupationally exposed workers.
2. Assessment of the effects of long-term exposures
a) in prospective investigations of workers;

b) in cross-sectional analysis of relationships between worker's
exposure levels and behavioral impairments, without the use

of comparison groups;

c) in cross-sectional comparisons between groups of workers and
a properly chosen reference group.

The type of occupational behavioral toxicology investigation chosen for
implementation in a given situation will depend, of course, on the purpose of
the study, the anticipated mechanism of toxicity of the toxic substances, and
other factors. Illustrations of most of the aforementioned types of studies
will be presented in a later section of this paper. ,

BEHAVIORAL METHODS

The specific behavioral methods utilized in a given investigation will be
determined in large measure by the type of investigation being conducted.
For example, human laboratory studies may be designed to examine in
detail the effect of a toxic substance on one specific type of human behavior,
e.g., performance on structured memory tests. Other types of investigations
may choose to evaluate a broad range of behaviors, and as a consequence,

a battery of behavioral tests would be administered.

Typical of the types of behavioral tests administered in occupational
behavioral toxicology studies performed at the workplace are those found in
the test battery developed at the Finnish Institute of Occupational Health
(Hanninen and Lindstrom, 1976). The elements of this battery of tests are
shown in Table 1. This particular battery has been used in more occupational
behavioral toxicology investigations than any other. The functions being
measured (e.g., memory/retention) are also shown in Table 1. A complete
description of each test is beyond the scope of this paper, and the reader
is referred to other sources (Hanninen and Lindstrom, 1976). Some brief
comments, however, are in order. First, extensive use of tests from the
Wechsler Adult Intelligence Scale (Wechsler, 1958) has occurred in
occupational behavioral toxicology studies. These tests are attractive to the
behavioral toxicologist for several reasons: 1) they possess normative data,
which can sometimes be used for comparative purposes; 2) they are relatively
easy to administer and do not require large amounts of time, and; 3) instru-
mentation requirements and scoring of results .are not difficulties. As a
general rule, these three considerations are desirable features for any
behavioral test battery applied to groups of workers.
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TABLE 1. ELEMENTS OF INSTITUTE OF FINNISH
OCCUPATIONAL HEALTH BEHAVIORAL TEST BATTERY
(HANNINEN AND LINDSTROM, 1976)

A. Wechsler Adult Intelligence Scale B. Memory/Retention C. Vigilance/Cognitive
1. Similarities 1. Wechsler Memory Scale 1. Bourdon-Wiersma Vigilance Test
2. Vocabulary a. Logical Memory 2. Symmetry Drawing
3. Digit Span b. Visual Association 3. Figure Identification
4, Digit Symbol c¢. Associative Learning
5. Picture Completion 2, Benton Visual Retention Test
6. Block Design 3. Kuhnburg Figure Matching Test

D. Coordination/Dexterity E, Personality Variables F. Self-Reported Symptoms
1. Santa Ana Dexterity 1. Rorschach Inkblot Test
2. Finger Tapping 2. Eysenck Personality Inventory-C

3. Mira Test

SUBSTANCES STUDIED

A recent review (Johnson and Anger, 1981) of the literature pertaining
to occupational behavioral toxicology identified approximately 30 reports
describing workplace investigations. There are also approximately 30 reports
on human laboratory studies of occupationally relevant chemicals.

Table 2 contains a list of industrial chemicals that have been studied
for behavioral effects (Johnson and Anger, 1981). The type of behavioral
study, human laboratory (L) or workplace (W), is also noted in Table 2.
A review of Table 2 shows that about 20 chemicals have been the subject of
occupational behavioral studies. Of this number, studies of the behavioral
effects of industrial solvents have predominated. The reasons for this
predominance are twofold: a) the widespread presence of solvents in industry,
and; b) demonstrated toxicity on the central nervous system of these compounds
at high exposure levels.

Shown also in Table 2 are those chemicals for which behavioral studies
have influenced exposure limit recommendations found in NIOSH criteria
documents. As indicated, results from occupational behavioral toxicology
studies have influenced the recommendations found in several criteria
documents..
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TABLE 2. CHEMICALS THAT HAVE BEEN INVESTIGATED IN
OCCUPATIONAL BEHAVIORAL TOXICOLOGY STUDIES

SOLVENTS METALS PESTICIDES OTHER
Styrene (W)* Lead (W)* Organophosphates (W) Carbon Monoxide (L, W)*
Carbon Disulfide (W)* Mercury (W)* Leptophos (W) Anesthetic Gases (L)*
Methy! Chloride (L, W) Polybrominated Biphenyls (W)
Xylene (L) Jet Fuel (W)
Methyl Ethyl Ketone (L) Formaldehyde (W)

Paint Sprays (W)
Methylene Chloride (L)*
Trichlorethylene (L)*
Perchloroethylene (L)

Toluene (L)

= Human Laboratory Study
W = Workplace Study

* = Permissable Exposure Limit (PEL) Impact

ILLOSTRATIVE STUDIES

It is beyond the scope of this paper to provide a review of the literature
on occupational behavioral toxicology. Such a review is available elsewhere
(Johnson and Anger, 1981). However, in order to illustrate the types of
occupational behavioral toxicology studies that have been conducted, the
following reviews are provided of investigations performed by NIOSH. The
first study, a workplace carbon monoxide investigation, is an example of a
workplace study for which the acute effects of a toxic substance were of
concern to the investigators.

CARBON MONOXIDE (Workplace Investigation, Repeated Measures Design)

A review of the literature revealed only one workplace behavioral
investigation of workers for which the investigator's principal
concern was CQO exposure. Johnson et al. (1974) studied the
effects of vehicle emissions on the behavioral performance of toll
collectors stationed at a busy interstate highway. Strictly speaking,
the workers were not exclusively exposed to CO, but to other
constituents of vehicle exhaust (e.g., lead, ozone) as well. The
investigation, though, concluded that the major pollutant was CO.
The group selected for study consisted of six workers employed

as fare collectors at a toll highway in central Kentucky. The

study group consisted of five females and one male. The subjects
ranged in age from 19 to 49 years. All subjects were nonsmokers
in order to eliminate this source of CO. The six workers were
tested, three per day, on alternating days over a twelve day period.
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Preceding the start, tests were administered prior to each worker's
workshift and following completion of the workshift. Testing was
conducted in motel rooms adjacent to the toll plaza where ambient
CO levels were always less than 5 ppm. The performance tests
consisted of the following: a) both simple and choice visual
reaction time; b) hand-eye coordination, using the Michigan test;
c) visual function (critical flicker frequency, pattern identification
presented via a tachistoscope); d) an arithmetic test, and; e) a
dual task. The experimenters controlled the difficulty of the dual
task, and as its difficulty increased, the effect was to reduce
subject's performance.

In addition to the behavioral tests, biological data (breath CO and
COHb) and workplace industrial hygiene data (air lead, ozone, and
noise) were also obtained. The investigators found that when
preshift vs. postshift performance changes were correlated with
increases in COHb due to workplace exposure, there were statistically
significant (p < .05) associations between impaired dual-task
performance as COHb increased. No associations between COHb and
impaired performance on the other behavioral tests were found.

CARBON MONOXIDE (Laboratory Investigation)

The results from this study of toll collectors led to laboratory
investigations of the acute toxic effect of CO on time-shared human
performance. The experiment described below illustrates the

utility of a laboratory study as a means of clarifying findings from
workplace exposures. Given the limitations of the field investigation,
e.g., only six subjects, how valid was the finding that CO would
affect complex human performance under conditions where the
subject's reserve performance capacity was decreased? To answer
this question, Putz and colleagues (1976, 1979) designed a series

of laboratory experiments that investigated the effects of CO on

task time-sharing and vigilance. In two separate studies, using
different experimental designs but identical performance tests,

Putz et al. found that COHb levels as low as 5 percent degraded
subject's performance on a time-shared task when the task perfor-
mance was difficult. The degraded performance took the form of:

a) increased time to respond to detect signals presented in the
peripheral visual field, and; b) reduced accuracy on the psychomotor
tracking task used concurrently with the peripheral field signal
detection task.

The findings from the NIOSH studies on carbon monoxide show that
acute CO exposures, at levels sufficient to yield' 5 percent COHbD,

will degrade complex, demandmg performance in humans unacclimatized
to CO. The salient feature is that the subject's reserve capacity
must be diminished by the task, that is to say, the performance

must be difficult. What this suggests is that low level CO exposure
will not affect worker's safe performance of routine, non-demanding
jobs; however, it may affect performance of jobs requiring rapid
response to complex situations.
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LEPTOPHOS (Cross-Sectional, No Comparison Group)

In 1977 NIOSH was advised of 12 cases of serious neurological
disease that had occurred in workers at a plant manufacturing
Leptophos, a potent pesticide. Leptophos, though not approved for
use in the U. S., was manufactured for sale in non-U. S. markets.
Early in 1977, 155 workers (both current and former) were given
comprehensive medical examinations that evaluated general medical
status, neurological status, and measures of neuromuscular, ophthal-
mologic, psychological, and biochemical function (Xintaras et al.,
1978). The following performance tests (and function tested) were
administered to each participant: Santa Ana dexterity (hand-eye
coordination), choice reaction time, Neisser Letter Search (wvisual
organization), and three subtests from the Wechsler Adult Intelligence
Scale (WAIS): Block Design (perceptual organization), Digit Symbol
(memory efficiency), and Digit Span (recent memory)., A complete
occupational history was obtained for each worker. A comparison
group was not included in this study, but rather, laboratory and
literature norms were used for the various tests. Therefore, this
study is an example of a cross-sectional behavioral study, but
without the inclusion of a comparison group. Additionally, exposure
and effect relationships were explored statistically within the study
group. Results showed statistically significant (p < .,05) performance
decrements in Block Design, Choice Retention Time, and Santa Ana
Dexterity. Since all three tests are strongly associated with
peripheral nerve function, the investigators felt the performance
decrements were suggestive of peripheral nerve dysfunction. There
was some evidence, though not complete, from the neurological exams
to support this hypothesis. A confounding factor in the interpre-
tation of the results was the discovery that many workers had also
been exposed to n-hexane, a potent neurotoxic solvent. The
investigators were consequently unable to determine the causative
agent in inducing worker's performance decrements. In this
regard the behavioral results were important in a clinical sense,
since functional impairments in workers were identified. However,
as a toxicology study, the association between cause and effect
could not be established.

. LEAD (Cross~Sectional, with Comparison Group)

As an example of a cross-section study, with use of comparison
groups, Johnson et al. (1980) evaluated neurobehavioral functions
and personality variables in 403 workers at a primary nonferrous
smelter. Community residents not having a history of lead exposure
served for comparison. Study groups of smelter workers were
formed according to job title. Neurobehavioral tests consisted of
visual choice retention time and hand-eye coordination. Personality
variables were assessed using the Multiple Adjective Affect
Checklist. Current PbB level and ZPP concentration were obtained
~ for each study participant, as were occupational history, neurologic
measures, and self-reported symptoms. The highest group mean
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PbB was found to be 56 pg/dl for male workers in the lead
smelter. Analysis showed the smelter workers were about 10
percent slower in reaction time, but did not differ in hand-eye
coordination. Using clinical norms, smelter workers were more
depressed and hostile than unexposed workers.

FUTURE DIRECTIONS

It seems clear that occupational behavioral toxicology has contributed to
a more complete understanding of the effects on workers of industrial hazards.
It is also apparent that occupational behavioral toxicology, to be more
useful, will require additional development. The nature of some of these
future developments is the subject of this section. :

SENSITIVITY

The ability of behavioral tests to detect, in a reproducible manner, small
changes in central nervous system functions needs to be improved. Current
test methods and procedures have been derived in large measure from stan-
dard tests, such as the Minnesota Multiphasic Personality Inventory and the
Wechsler Adult Intelligence Scale, designed for more general purpose
applications. There exists a need for development, and validation, of
psychological tests that can be administered to worker populations exposed to
low amounts of toxic substances. Of particular importance is the development
of valid tests to evaluate the effects of toxic substances on: a) cognitive
functions, and; b) personality factors. Presently used tests, such as the
WAIS and the Eysenck Personality Inventory, were developed for clinical
applications and, as such, do not possess the sensitivity to detect subtle
changes in personality or cognitive functions.

The evaluation of sensory and psychomotor functions is more advanced
than are tests of personality and cognitive functions. This results in large
measure from the large body of literature on psychometrics. There is,
however, a need to develop better normative data for the sensory and
motor functions tests currently in use. :

SPECIFICITY

The previously described NIOSH investigation of Leptophos (Xintaras et
al., 1978) illustrates one limitation of occupational behavioral toxicology
studies, namely, the lack of specificity of the behavioral tests employed in
that study. Results from the aforementioned study showed functional impair-
ment of the workers, but the investigators could not associate this impairment
with a specific toxic agent. This lack of specificity is a problem common to .
many workplace investigations. Simply put, a number of toxic substances can
yield the same pattern of behavioral impairment, using the behavioral tests
currently employed in most worksite studies. From a toxicologic standpoint,
this lack of specificity is unacceptable. What is clearly indicated is the
need to develop behavioral tests that possess diagnostic and predictive
specificity. The development of such tests would proceed primarily from
laboratory studies, but would then require field evaluation and wvalidation.
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EFFICIENCY

In addition to improvements in sensitivity and specificity, there exists
a need to improve the efficiency of behavioral tests used for workplace
studies. As used here, efficiency refers to the time required for administra-
tion of the tests to each study participant, plus the experimenter's time to
analyze the results. Presently used behavioral test batteries are inefficient
in the sense that each subject's total testing time may approach 2 to 4 hours.
While this amount of time, or longer, may be acceptable for many laboratory
investigations, it often presents a problem for workplace studies, especially
those for which workers are being given time off the job for the purpose of
biomedical evaluation. The need therefore exists for the development of
behavioral test batteries that tap a range of behaviors, but do not unduly
impose a time-to-test burden on each participant.

SUMMARY

Occupational behavioral toxicology has contributed to our knowledge of
the functional effects of a substantial number of industrial chemicals. This
knowledge has been important in several instances in establishing permissible
exposure limits for the workplace. Additionally, identification of impaired
behavior has served as an early warning indicator of toxicity which, if left
unaltered, may result in irreversible pathologic damage. There remains,
however, a need to improve the sensitivity, specificity, and efficiency of
behavioral test batteries currently used in workplace investigations.
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OPEN FORUM

MR. VERNOT (University of California, Irvine): I have a question for
Dr. Reiter. In your estimate of the behavioral toxicity index you used the
LDsg of the particular toxic material as the numerator. In your experiments
with the carbamates, did you measure any type of cholinesterase activity as
a possible alternative to the LDgg in designing a toxicity index?

DR. REITER (U. S. Environmental Protection Agency): Since those
original experiments were done, we've conducted further studies and have
treated animals with the EDgsps of both Baygon and Carbaryl and then measured
five minutes of activity in a figure eight maze. Immediately after that
behavioral testing, the animals were sacrificed and both blood and brain
cholinesterase levels were determined. This was done in order to get a time
course for the peak inhibition of cholinesterase and to relate the time pattern
with other behavioral effects that were seen. The earliest we sacrificed the
animals was 15 minutes post-injection which was the time the behavioral testing
was done in these series of experiments and also corresponded with peak
cholinesterase inhibition. The cholinesterase inhibition was about 55%
both blood and brain tissues. We did see a differential effect on recovery of
cholinesterase activity between Baygon and Carbaryl. We thought that the
onset of cholinesterase inhibition with Baygon would be much more rapid than
with Carbaryl but we were unable to demonstrate that. At 15 minutes post-
injection both compounds showed comparable cholinesterase inhibition, but
the recovery after Carbaryl treatment is much slower than with Baygon and
actually, activity depression returned to normal before cholinesterase levels.

MR. BOGO (Armed Forces Radiobiology Research Institute): Dr. Norton,
I've seen reports that indicated it may be necessary to give a higher dose
of radiation to a rat than a human to get a comparable type of effect. Was
this true in your studies?

DR. NORTON (University of Kansas Medical Center): I don't think I
mentioned the precise radiation dose we've been working with. We've used
doses as low as 50R but most of our studies have been done at a dosing of
125R using a single exposure at a rate slightly under 40R per minute to the.
whole body of the mother. This is a rather high dose in terms of human
exposures under ordinary circumstances or even for some mild accidents. It
is not a high dose relative to nuclear war such as some of the exposures at
Hiroshima and Nagasaki. There is plenty of evidence that when you do
get up in the high dose range in humans you get into problems with the
fetus which are not unlike the ones we're describing here. I don't think
there's any dramatic difference in sensitivity in the dividing cells of the
rat which is really what we're hitting. I think we're hitting the cells in the
synthetic phase of DNA and I don't think there is a unique difference in the
sensitivity of the neuroblast that's dividing at this time versus other dividing
cells. Evidence that's been presented by some other people has proposed that
it's possible with this kind of morphologic analysis to detect changes at
radiation doses as low as 20 or 40R which is about minimum level for
producing DNA damage. At that point we are getting down to the dose level
to animals that may match a fair number of human exposures. Ionizing
radiation is like many other toxic substances in producing dose related effects.
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DR. HENDERSON (Olin Corporation): Is there any correlation of flicker
fusion with blood or hair mercury levels in humans after methylmercury
exposure?

DR. MERIGAN (University of Rochester): The technique I mentioned
for measuring flicker fusion has not been used previously and I think the
reason it has not is that people haven't analyzed how to test peripheral
field function with that technique. The critical feature of the technique is
that the stimulus has to be extremely large and if you use a very, very
small flickering target you test primarily central vision as was done in
testing methylmercury poisoning cases. There hasn't been any attempt to
measure correlation between flicker fusion and these other indices you've
talked about, although, of course, visual field measures do correlate with
the blood and hair mercury measurements.

DR. HENDERSON: Dr. Johnson, as I recall, you said that at a 5%
carboxyhemoglobin level you did see an impairment on timesharing. As I
recall, 5% carboxyhemoglobin is what you will find in an average cigarette
smoker. Is this correct? Do you see impairment after smoking one cigarette?

DR. JOHNSON (NIOSH): We've never studied cigarette smokers; in fact,
we have specifically excluded smokers from our laboratory studies and the one
worksite study that we did. Your original statement was correct. We did
demonstrate impairment at 5% COHb, but it was in a situation that required
sustained attention on the part of the subjects, the task was demanding and
there were indications that the subjects perceived that task as being
demanding. We felt that one of the principal findings of the study was to
demonstrate the interaction between the complexity of the task and the
biological effect. As far as relating COHb to what one might find in
cigarette smokers, 5% is less than what you would find in many cigarette
smokers. Heavy smokers will go as much as 8 to 10% COHb.

DR. REITER (U. S. Environmental Protection Agency): I'd like to follow
up on the question. The data that you have is essentially from a vigilance
task. How would you compare your results with the findings reported by
Beard and Wertheim on the effects of carbon monoxide exposure?

DR. JOHNSON: The study reported by Beard and Wertheim has been a
well discussed study, to say the least. One of the better discussions of that
study, I think, is found in the review article by yourself and Dr. Laties.
The task, as administered by Beard and Wertheim in the early 60's, was an
auditory discrimination task in which the subjects were asked to discriminate
the length or duration of one tone from another. The peculiar feature in
that particular study was that the task was presented to the subjects in a
very, very small confined exposure booth. The subjects may have experienced
sufficient sensory deprivation to have caused the type of effect that was
ultimately reported by Beard and Wertheim. Other investigators who have
attempted to replicate that study have been quite unsuccessful. That does
not mean, in my view, that the original study was flawed, but one needs to
understand the context in which the study was conducted. As far as our
study is concerned, we tried to vary the complexity of the task which was
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not done by Beard and Wertheim. We also tried to minimize the potential
problem of social and sensory deprivation that the subjects may have
experienced in the Beard and Wertheim study. So there were a number of
differences between the two. Basically, they are two different studies.

DR. KURTZ (Battelle Columbus Laboratories): This is for Dr. Zenick.
One of the criticisms that's been offered for behavioral testing techniques
has been that the interpretation of the results is questionable. Does not
one exacerbate this problem when one uses a pharmacological tool, as you
call them, that may have a multitude of pharmacological and behavioral
effects?

DR. ZENICK (University of Cincinnati Medical Center): I have to give
you somewhat of an ambivalent answer of both yes and no. For example,
amphetamine is not the simplest compound to work with if you want to jump
from looking at amphetamine effects to pinpointing neurochemical mechanisms.
It's got a multitude of actions on the putative neurotransmitter system. It
also is true that the effect you see with the probe doesn't necessarily have to
be a CNS effect. It could be a reflection of liver metabolism. The initial
concept of using the probe was not to get a better grasp of mechanism; rather,
to disclose the deficit in a situation where one wasn't seeing any shift in
baseline. I think, to clear up that problem one would need to use more
specific probes with better delineated mechanisms of action and in the
work we're doing now, we're trying other chemical probes. When we estab-
lish a drug discrimination paradigm, and begin to use blockers and agonists
and antagonists, we like to work with compounds where those actions are
clearly known. I think if your primary concern is the disclosure of a deficit,
it probably is a reasonable approach to utilize. I don't believe that just that
step alone gets you any closer to understanding mechanism.

DR. KURTZ: There have been those who have offered the interpretation,
for example, that on the basis of the results that amphetamine brings out
an effect due to lead exposure, there is an effect on the biogenic amine
system. Is that a legitimate conclusion in your view or is it not justified?

DR. ZENICK: We're pursuing that point also. With respect to the lead
question, if you name the neurotransmitter system and if you tell me what
effect it is you want to see, I'll find you a paper that will show it. Our
laboratory has traditionally been a neurotransmitter/neurochemistry lab and
Dr. Michaelson has, in fact, published from that laboratory data showing
alterations of biogenic amine systems. We're now backtracking a little bit
in our research plans because one of the questions we're currently posing
in our laboratory is that perhaps when you do study a lead exposure
following a drug challenge, you may be seeing a perfectly normal response
if you consider how much drug was concentrated in that area to begin with.
What we're trying to do now is back off from a biogenic amine hypothesis
and deal currently with the question of are they even taking the drug up
and metabolizing it in the same manner. And if the answer to that is no,
then that's one problem. The other aspect is that we are not dealing with
the drug in the same way and the response the animals give to a certain
amount of drug is abnormal as well. So we're trying to separate those
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effects out. I don't think that steady state studies are going to help in
understanding the neurochemical deficit associated with lead exposure.

DR. REITER (U. S. Environmental Protection Agency): I'd like to just
add something to that, Dr. Zenick. I think the argument can be made from
the other point of view and that is that one would strive to use pharmacological
probes which were as non-specific as possible because the question that you're
asking with those probes is about an impaired functional nerve in the brain
and in that sense, you're on a fishing expedition. If you select pharmacological
aids that are non-specific and which may have more than one mechanism,
then you increase the likelihood if something's amok in the brain, that you
would reveal that problem using these pharmacological probes. That then
gives you a starting point at which you can now start to focus in on what
the specific neurochemical problems associated with that difference is.

CAPT. REED (Air Force Rocket Propulsion Laboratory): Dr. Norton,
you stated that the dose of X-irradiation used in your studies was 125R at
40R per minute. What energy or energies were involved in that dosage?

DR. NORTON (University of Kansas Medical Center): Since I'm not a
biophysicist, I don't really feel prepared to answer that question. I can
tell you what the exposure parameters were; the X-ray machine used a
quarter of a millimeter of copper and one millimeter of aluminum. The distance
from the source to the uterus was 50 centimeters.

MR. VERNOT (University of California, Irvine): A question for Dr,
Norton. Did you determine what the level of carboxyhemoglobin was in the
pregnant rats you made hypoxic?

DR. NORTON (University of Kansas Medical Center): Yes, we attained
about 45% COHb in the highest level exposure. I think in the animals that
I showed you, we used a 90-minute exposure to 4000 ppm in a dynamic flow
chamber which produced a steady state of about 45% carboxyhemoglobin in
approximately 60 minutes. That's a high dose of CO and the animals do lose
consciousness.

MR. VERNOT: The animals lose consciousness at a 45% carboxyhemoglobin
level?

DR. NORTON: Yes, they will respond to toe pinch or something like
that, but left to themselves, they're out on their sides and they're not
moving around at that point.

MR. VERNOT: Our experience is that rats, or at least the strains that
we have used, are very tolerant to CO hypoxia and hypoxia of any kind.

DR. NORTON: We don't have any maternal death. This is not a dose
which causes any subsequent damage to the mother as near as we can tell.
Since the halftime of COHb is fairly long in blood, we take them out of the
exposure chamber at 90 minutes and they still have high levels of COHb for
about another hour. We can't prove this at this point, but we don't think that
the effects we are getting are related to carbon monoxide except as it
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produces anoxia in the fetus. When you have a fetus in a maternal situation
where the mother has hypoxia, the fetus is more severely hypoxic. That's
independent of the fact that to some extent the fetus is tolerant of hypoxia but
not to the extent that they're really not at risk from hypoxia. Furthermore,
fetal hemoglobin and its combining power with CO is essentially the same as
normal adult hemoglobin.

DR. DUNGWORTH (University of California, Davis): Several of the
speakers this morning commented on the batteries of tests they individually
had used for looking at behavioral decrements. What I would like the members
of the panel to comment on is how they would compare the sensitivity of the
tests they used relative to the tests that the other speakers were talking
about.

DR. MAURISSEN (University of Rochester): It's difficult to compare the
sensitivity of these different tests in terms of vibration sensitivity and some
of the sensory sensitivity. I've been interested in different compounds than
those the other speakers talked about. I think somatic sensitivity is an
interesting sensory medium to start with if you are talking about chemicals
such as acrylamide that typically cause some peripheral numbness, tingling
and paresthesis. Those are some of the early symptoms in cases of
methylmercury poisoning. It's not possible to compare vibration sensitivity
with a figure 8 maze in completely unrelated species like rats. There is no
way to compare species while testing completely different functions.

- Depending on the chemical you are interested in, you would choose one or
the other.

DR. MERIGAN (University of Rochester): Some of the tests that I
mentioned of visual function which we do in human patients and in Macaque
monkeys turned out to be extremely sensitive. The measurements made with
gratings looking at a special vision contrast threshold is a very early
change in many types of poisoning. We have chosen the monkey because of
its great similarity in both structure and function in the wvisual system to
humans and, in fact, we could not make many of our specific measurements
in rats. For example, color vision is extremely different in any organism
other than the monkey.

DR. REITER (U. S. Environmental Protection Agency): I think it's
important when issues of sensitivity are discussed that one backs up and
tries to determine what the question is. I think that the speakers this
morning were addressing issues of behavioral toxicology at a multitude of
levels of investigation. Let me see if I can put things in perspective by using
the Toxic Substances Control Act (TSCA) as an example. You know, there
are two sections of the TSCA; one deals with controlling new chemicals that
are being introduced into commerce and the other section deals with compounds
which are currently in commerce. If one is interested in toxicity of chemicals
that are being introduced, you're asking in many instances quite different
questions about that compound than if it's a substance which is currently in
use such as lead or methylmercury where the target organs are fairly well
identified. The question that you're asking is about what levels of exposure
are producing these harmful effects. In the former case, you're asking is
the compound toxic, what target organs is the compound toxic to, and is the




toxic hazard such that we should prevent it from being introduced into com-
merce. The testing procedures that I was addressing this morning were
really aimed at that first question. When a compound of unkown toxicity
shows up does it exhibit any CNS toxicity? That's the sole question. Dr.
Merigan and Dr. Johnson's level of inquiry is at a considerably higher level
than that. They are generally dealing with compounds where clinical obser-
vations would suggest that sensory systems are modified. They are not
looking at these compounds as unknown materials, Again, I think the question
of developmental neurotoxicology or neurotoxicity is one in which you're

just asking a slightly different question. Is the developing organism of the
developing nervous system more or less sensitive than the mature nervous
system to these particular chemicals? The questions you're asking are quite
different and to some extent, those questions are going to affect your choice
of methods. Behavioral psychologists do a lot of in-fighting about relative
sensitivity and I would argue with my colleagues that at a primary screening
level certainly the figure 8 maze seems to have a fairly good track record.
It's very easy to operate and I can generate a dose response curve for a
chemical in one afternoon with the figure 8 mazes whereas it takes about

two to three months to generate a similar dose response curve using operant
techniques. However, the information that one derives from operant tech-
niques is more extensive than what you get out of a simple measure of
activity and there are other kinds of qualitative data that can be gathered
that help to define what the behavioral disruption is. The fact that the
figure 8 maze seems to have a fairly good sensitivity as a primary screening
technique would not be a basis for eliminating operant techniques from
behavioral toxicology because they have a place at a secondary level of test-
ing or when one is asking specific questions about the toxicity of a particular
compound.

DR. NORTON (University of Kansas Medical Center): I think I would
like to answer the question in a slightly different way from the standpoint
of behavioral developmental studies. There really isn't much difference in the
test batteries which are used by people studying early development among
different species of mammals because a neonate doesn't do very much unless
you talk about precocious versus atricial animals where you're dealing with
the state of brain development at the time of parturition. Guinea pigs are
born a little bit more mature than some other species. There are those
who work with the animals that are born in an atricial or helpless state
where the brain is not fully developed which includes the rat, man, monkey
and a large number of the other standard animals. The tests which are done
in the early stages of neonatal development are fairly well defined simply
by what you can get an animal to do at an early age. There you set up a
battery of just about everything you can think of doing and make some decision
as to what's likely to cause a problem in early age. For example, Dr. Voorhies
and his co-workers have worked up a fairly extensive test battery which
contains many of the tests that I've used. They did an extensive study on
the effects of hydroxyurea, another compound like ionizing radiation that
affects DNA. They concluded that they didn't get much effect on early
developmental behavior at doses of hydroxyurea that should produce
severe damage to dividing cells. They got the same kinds of results that
we're getting with ionizing radiation. In developmental behavior studies, the
limits as to what tests are chosen are really the limits of what a very immature
animal can do.
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DR. JOHNSON (National Institute for Occupational Safety and Health):
The type of work I reported on is somewhat different from those of the other
speakers, so as a consequence my answer is going to be somewhat different.
The approach that I described this morning in terms of using a general
battery of tests that examine behavioral functions along several lines is the
most common approach. There aren't many people doing field investigations
of behavioral activity but those who are all seem to have approached the
problem from the same direction and use a battery of tests as described
this morning. Problems that one encounters at the work site in terms of
administering such tests, shape the types of tests that you take into the
field. One has to be aware of the learning requirement of tests. If you're
going to conduct a cross-sectional study and you don't have access to the
workers for an unlimited amount of time, you can't use tests that require a
great amount of learning. That restriction shapes the type of tests you can
use in the field. You also need some normative data if at all possible to
take into a test situation. That doesn't rule out new tests that might be
developed in a laboratory and then applied in a field situation, but I think
you need to have some normative data for those tests before you apply them
in a field situation. You don't generally have a great amount of space
provided to you in a field situation and you have to select your equipment
accordingly. The time to administer the tests is important and in some cases
has become a matter of negotiation between NIOSH and some companies we
have studied. Lastly, the types of tests used are also influenced by the
degree to which clinical data may be available about the validity of the tests.
So in a general sense, those are considerations that guide the selection of
tests that can be used in a field situation. The only direct comparison I
can make between the tests that I have used for measurement of sensory
function and those described by other speakers today would be a comparison
of our tests of visual function with those reported by Dr. Merigan. For
the reasons I have just stated in terms of time to administer and minimum
learning requirements, the visual function tests we have used are far less
sensitive than those he has described.

DR. ZENICK (University of Cincinnati Medical Center): We are working
at developing more refined tests to assess specific behavior response when
the general test tends to suggest some type of deficit. There are a number
of programs conducting inter-laboratory comparisons of tasks where the
laboratories take the same drugs or compounds, use the same battery of
tasks and compare results. In this program it isn't important which task shows
the most significant effect, but what is the inter-laboratory reliability of

that determination.

DR. REITER (U. S. Environmental Protection Agency): The approach
using within and between laboratory comparisons always seems to put people
working in this area on the defensive and I think maybe that's appropriate.
There was an inter-laboratory study done in Europe where they compared
LDgso determinations on the same chemicals and the variability that was
obtained in that study was horrendous. If you search the literature for
LDsp values on compounds like chlordimeform and carbaryl, you find values
that differ by as much as five-fold which illustrates that there are many
variables that toxicologists don't seem to have good control of and it's not
just limited to the area of behavioral toxicology.
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DR. HENDERSON (Olin Corporation): Dr. Norton, has anyone looked at
brain damage resulting from hypoxia caused by reduced oxygen concentration
or from an exposure to a chemical that causes an equivalent methemoglobinemia
to the carboxyhemoglobin level that you've studied?

DR. NORTON (University of Kansas Medical Center): I'm not aware of
any studies specifically like ours. Not in the way that we have been doing
it specifically. There have been quite a few studies on hypoxia, most often
produced by enclosing a rat in a closed box and just letting it use all the
air that's available. There has definitely been some damage reported in the
fetus as a result of that treatment. There have been some studies on monkeys
in which the hypoxia was produced by hypotension in the mother and by
exteriorization of the uterine vessels at near term which were partially
clamped to produce the hypoxia. Depending upon the type of hypoxic damage,
ischemic or nonischemic, there are differences in the degree of injury.
Carboxyhemoglobin hypoxia occurs in the presence of normal blood flow and
the evidence is pretty good that if you maintain blood flow there is less
damage from hypoxia than if you have associated ischemia where there is
an accumulation of lactic acid and other substances. There has been con-
siderable interest in hypoxia during birth in the human because of the
potential for kinking of the umbilical cord and a relatively prolonged period
of ischemia. A prolonged period of ischemia or a prolonged period of hypoxia
is unquestionably damaging and we have evidence of that in the human as
well as in monkeys and rats. There are no comparable studies looking at the
sites of damage in the brain in the same way as we did. Most other work has
been looking for brain necrosis which you can produce quite readily. There
haven't been many studies that have looked at subtle damage to the brain
after the brain has had an opportunity to recover from the anoxic episode.

DR. MERIGAN (University of Rochester): 1I'd like to ask Dr. Norton a
question. Aultman has attempted to differentiate prenatal and postnatal
neurogenesis on the basis of the type of neuron which is being formed and
he has classified these as macro-neurons which occur prenatally and generally
have long processes associated with them versus the micro-neuron which is
the sort of inner neuron. Are there data that you're aware of which would
argue that those two kinds of neurons are differentially sensitive to a given
type of insult?

DR. NORTON (University of Kansas Medical Center): There's very
little evidence that there's any unique sensitivity of the macro or micro
neuron because the time of gestation at which the insult occurs is the
determining factor in what kind of damage occurs. The brain is formed in
a rostral direction, roughly speaking, so that damage during the formation
of the brain early in gestation, if the rear end of the brain is damaged it
results in a nonviable organism after birth and a relatively severe micro-
cephalia. If, on the other hand the damage is more in the rostral direction,
you get progressively more and more probability of the organism surviving.
In our experience this does not appear to be related to a unique decimation
of one specific population of neurons. Postnatally there is a clear opportunity
to damage certain types of neurons. The small granule cells are formed in
postnatal neurogenesis in both man, rat, and monkey. In those animals that
are born in an atricial stage it's quite possible to interfere with cell division
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postnatally and wipe out populations of granule cells in the hippocampus, the
cerebellum or in the cerebral cortex. The finding of a selective agent that
would wipe out small cells that are dividing and migrating from the ependyma
has not been published and has not been proposed for any toxic agent that
I'm aware of.

MR. JONMAIRE (Uniroyal Chemical Company): I'd like to ask Dr. Reiter
a question about what the regulatory agencies plan to do with these screening
systems that he has proposed. Could you tell us what they want to do with
these systems and what they can do? Could you also tell me what to compare
positive results with? When I say that, I mean, if something turns out to
be behaviorally toxic, what do you compare that to, to make a regulatory
decision?

DR. REITER (U. S. Environmental Protection Agency): I don't know a
precise answer to your first question but I think that much of the current
impetus for developing screening methodologies arises from the Toxic Substances
Control Act. I think it's section four which regulates chemicals that are
currently in commerce and section five deals with the introduction of new
- compounds into commerce. The Office of Toxic Substances has estimated

that approximately a thousand new compounds are introduced into commerce
each year. I think that the primary emphasis at this point is to develop
methodologies which can be used to evaluate target organ toxicity at the
screening level. Because the burden of proof is on industry, they have to
provide the toxicity data on a new compound if they're going to introduce
this compound into commerce. And I'm not as familiar with a lot of the
legal aspects of the Act as I perhaps should be, but I think that's basically
correct. Particular screening test procedures would be required by EPA to
determine whether further information on the toxicity of these compounds is
needed. The point I tried to make in my talk this morning is that when you
use tests for behavioral effects, you really have a problem because at some
level of exposure, every compound is going to be behaviorally toxic. Unless
you set up some sort of criteria, whereby you will accept that data as a flag
indicating that further testing is needed, then you might as well not do the
primary screen. The only way I can see that that can be done is to try to
juxtapose the dose which is behaviorally active to a dose which is producing
overt toxicity. That ratio is what I called a behavioral toxicity index.
Perhaps the EDsy of the chemical isn't even affected because you may run
into certain kinds of behavioral tests which have a floor effect. In other
words, they might be very sensitive in detecting a 10% change of normal
activity but you're never going to produce an effect of 40% reduction. The
EDsy may not be the appropriate way to go, but it's the way we chose to
look at our initial data. You've got to be able to compare the dose which is
behaviorally active to that which is producing overt toxicity. If that ratio
is high, then it would suggest that the nervous system is a target organ
for the chemical tested and I suppose that that would be grounds for
requesting that more information concerning the specific neurotoxicity of
that compound be provided before that compound is permitted into commerce.
So I think section five of the TSCA is probably a lot easier to deal with
than section four because section four deals with compounds that are currently
in commerce and it's much more difficult to change the current standards
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than to set them for new chemicals. The question you're asking is at what
level of toxic effect are we going to regulate and that entails asking some
very specific questions about the kinds of effects. In a more qualitative
sense, what are the types of functional deficits that are produced by
exposure and at what exposure level. This is the level of inquiry that
requires the most sophisticated and sensitive techniques.
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EMPHYSEMA-LIKE DISEASE IN EXPERIMENTAL ANIMALS
EXPOSED TO OXIDANT GASES

Gustave Freeman, M.D.

Director, Department of Medical Sciences
SRI International
Menlo Park, California

Early in the last century, Laennec described pulmonary emphysema and
included as characteristics, interference with airflow from alveoli to airways
and a loss of alveolar elasticity (Laennec, 1835).

Some of the more critical observations about emphysema since then have
been epidemiologic -~ first anecdotal and then rigorous (Hammond, 1966; DHEW
Publication, 1979). They established its strong correlation with the inhalation
of tobacco smoke and led investigators to a tangible understanding of chronic
obstructive disease. For a long interval, the intimate acquaintanceship with
emphysema was shared between its victims and pathologists. Contributory
etiologic factors and pathogenesis were unveiled stepwise, many as measure-
able deficiencies in function. Early on, these were often inconsistent and
confusing; now clinical and academic physiologists describe respiratory function
in its various dimensions with considerable confidence.

In recent years the oxides of nitrogen (NOX) were identified as components-
in-common in several industrial and occupational atmospheres, in fumes of fer-
menting silage, then in photochemical smog (World Health Organization, 1977)
and also in tobacco smoke (Haagen-Smit et al., 1959). NO, often induces overt
symptoms and also disease of the respiratory tract of various kinds and degrees
of reversibility (World Health Organization, 1977). Less commonly, ozone (O 3)--
one of the important atmospheric oxidants, and more than ten times as toxic as
nitrogen dioxide (NO;,;) (Freeman, Unpublished Data)--is also known to provoke
disease in certain occupations (World Health Organization, 1978). However, Oj
is practically nonexistant in tobacco smoke (DHEW Publication, 1979). On the
other hand, NO2, the most toxic of the nitrogen oxides, is reputed to contribute
up to 10% of the hundreds of ppm of NO_ in tobacco smoke (Haagen Smit, 1969).
This is at least ten-fold its peak ambient concentration, even in heavy smog
(World Health Organization, 1977). Therefore, in 1961, we selected NO, as a
likely initiator of an emphysema-like disease in the rat, using both ambient
concentrations and those in the range found in tobacco smoke (Freeman and
Haydon, 1964). [Parenthetically, there is little evidence that nonsmokers
residing in smoggy areas have more emphysema than do equivalent residents
of nonpolluted areas (S. Ishikawa et al., 1968). This is true despite the
combined presence of NO, and O3 in photochemical smog, both gases often
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achieving similar daily peaks a couple of hours apart (U. S. Environmental
Protection Agency).] Incidentally, high ambient concentrations of O3 alone
can induce emphysema in rats upon prolonged daily exposure (Stokinger et al.,
1957), whereas ambient levels of NO, do not. I shall dwell on NO; because,
first, it relates directly to our subject, emphysema, and, second, atmospheric
O3 depends upon the prior presence of NO; in the photochemical cycle.

It became clear by 1963 (Freeman and Haydon, 1964) that young growing
rats exposed continuously in our laboratory to greater than 10 ppm NO, would
slowly and insidiously develop an emphysematous disease and, in about six
months, would suffer severe respiratory distress, would gain weight at a reduced
rate and, during their growth, would develop an enlarged thorax with a marked
dorsal kyphosis of the thoracic spine (Freeman et al., 1968) (Figures 1 and 2).
Upon exposing their lungs to the atmosphere, they fail to collapse as do normal
lungs. They were air-filled but not edematous--wet-dry weights of these lungs
being no different from normal (Freeman et al., 1968) (Table 1). Exposed
lungs were larger and heavier and had less circulating pulmonary blood--deter-
mined as Fe per gram of lung--compared to normal lungs of the same age. They
tended to resist compression and filled irregularly and relatively slowly with
fluid through the trachea, as though both the flow of air from the alveoli and
fluid into the alveoli were restricted. Accordingly, minimal or residual volume
at atmospheric pressure was clearly greater than normal. Also, under a
standard pressure of 25 cm H30O, their volumes were considerably greater.
Apparently, compliance was increased in such lungs. See Figure 3.

Figure 1. Normal and chronically exposed rats (to NO) with their excised
lungs at atmospheric pressure. Note enlarged volume of lungs and
thorax in exposed rat.

84



IWIBO | | - IbL

Figure 2. Lungs, as in Figure 1, distended to 25 cm H; O pressure.
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Figure 3. Pressure-volume curves. Slope "b" is comparative specific compliance
of emphysema-like lung.
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TABLE 1. COMPARISON OF WET AND DRY WEIGHTS OF
NORMAL AND EMPHYSEMATOUS RAT LUNGS

Experimental Wer.”Weight (g) Dry_Weight (g) Dryw:tloo % Loss
Regimen X £SD X 5D on Drying
Control 1.86 0.95 0.46 0.04 24.7% 75.3
(n=2)
Emphysematous 4,00 0.48 0.95 0.10 23.7% 76.3
(n=5) (+1157%) (+106%)

Early measurements in vivo of transpulmonary resistance and compliance,
using a modified Amdur and Mead method (Amdur and Mead, 1958) in the rat,
were not revealing, despite the abnormal behavior of the excised lungs and the
more compelling microscopic evidence of narrow and inflamed terminal bronchioles
and of distended alveoli and their attenuated septal walls.

On closer inspection, the "small airways" and the acini--composed of ter-
minal bronchioles with their short respiratory portions--alveolar ducts, and
adjacent alveoli all contain aggregations of macrophages, mainly, and some
mononuclear and polynuclear inflammatory cells (See Figure 4a,b). These cells
are found among the cellular debris, fibrinous exudate, and mucinous secre-
tions. The epithelial cells lining the acini are larger than normal and their
bronchiolar and ductal smooth muscle and connective tissue are hypertrophic
(Freeman and Haydon, 1964) (See Figure 5). Each of these factors adds to
potential obstruction. More peripherally, on the contrary, the parenchyma is
distended, alveolar septa are attenuated, and some appear to be disrupted
(See Figures 6 and 7). To quantify the apparent loss of parenchymal structure,
rats were allowed to survive for at least two years by alternating periods of
recovery, after the initial six months, with additional periods of exposure, so
that the pathogenesis could be protracted for the usual life expectancy of the
rat. The total number of alveoli in the enlarged lungs of such rats was
reduced about in half, depriving them of an appreciable amount of gas-exchanging
surface area (Freeman et al., 1972) (Table 2). From this, we can infer a loss
of alveolar septa--the sina qua non of emphysema, as defined by committee
action of the American Thoracic Society (1962).

In 1965 Ericksson, from Laurell's laboratory, reported a congenital deficiency
in aj-antitrypsin that was associated with the propensity for developing emphy-
sema, as exemplified by their parallel prevalence in affected families (Ericksson,
1965). The observation stimulated intensive ongoing research on the balance '
between proteolytic enzyme activities and their natural inhibitors, which might
be upset by enzyme-discharging inflammatory cells. Macrophages and granulo~
cytes would have to be attracted secondary to initial injury from exogenous
sources (Pulmonary Emphysema and Proteolysis, 1972). Such imbalance is
suspected of inviting digestion of connective tissue, especially the elastin of the
parenchyma, even in the 85 to 90% of the emphysematous population that is
capable of producing "normal" amounts of aj;-antitrypsin (Lunan & Freeman, 1972).
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Figure 4a. Terminal bronchioles of control lungs with NO 2~induced chronic
bronchiolitis. (Magnified 200x)

Figure 4b. Terminal bronchioles of exposed 11;1;1gs,wit'h NO-induced chronic
bronchiolitis. (Magnified 200x)
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Figure 5. Higher magnification (320x) of exposed bronchiole of Figure 4b,

TABLE 2. RELATIVE NUMBERS OF ALVEOLAR SPACES IN A
TYPICAL NORMAL AND TYPICAL NO 2 -EXPOSED
LUNG IN CROSS SECTION*

Control Experimental
Squares
counted 26 26
Alveoli per
squares

(mean+SD) 78+17 36.7+10(39.6+10)"

*Maximal cross sectional areas cut 4-y thick.

TCorrected for difference in cross sectional areas
between mean value of control lungs and of the
typical NOz-exposed lung used. The difference was
determined by counting the total number of
squares covering each lung. Instead of equal num-
bers of squares, 8 per cent more were required to
cover the NO? -exposed lung. "
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Figure 7.  Parenchyma of rat's lung following prolonged exposure to about 20 ppm
‘ - NO,. (Magnified 25x) : ’ '




In our initial studies, we observed, by their staining properties (Freeman
and Haydon, 1964) and electron microscopy (American Thoracic Society, 1962)
along with others, regular morphologic changes in the thickness and continuity
of both collagen and elastin and have since then measured the diameters of such
fibers in the alveolar ducts where they encircle the airways together with smooth-
muscle (See Figures 8 through 10). Both types of fiber proved to be broader in
NOj-exposed rats at sites in common with age-controlled normal rats (Figure 11).
Total collagen, extracted from exposed lungs, increased about 20% by the end of
a year while Type III was reduced about 14% (Freeman, Unpublished Data). [An
amino acid profile of extracted elastin, however, was essentially identical to the
normal extract; the total amount was not determined (Freeman, Unpublished
Data).]

o
Y o

Figure 8a. Collagen, stained with ABOG, in alveolar ducts of normal rat lungs.
(Magnified 320x) S
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Figure 8b. Collagen, stained with ABOG, in alveolar ducts of chronically exposed
rat lungs. (Magnified 320x)

In 1970, we measured proteolytic activity in lungs in situ at various times
during exposure to about 17 ppm NO; by pouring the chromogenic substrate,
Tris-a-N-benzoyl-DL-arginine-p-nitroanalide (BAPA) into the lungs, and
discovered a significant elevation in proteolytic activity and its return to base-
line during that period (Lunan and Freeman, 1972) (See Figure 12). The peak
values coincide with the initial injury and desquamation of Type 1 alveolar cells
to expose the basal membrane and probably facilitate leakage of plasma. (See
Figure 13.) Rapid repair follows as determined by the division of tritium-
labelled Type 2 cells (Evans et al., 1971). (See Figure 14.) The rapidity by
which proteolytic activity followed exposure suggests that enzymatic activity
may have been derived largely from ruptured epithelial cells and leakage of
blood, rather than from inflammatory cells. Another obviously effective agent
that can, indeed, destroy parenchymal cells and tissues is the NO; itself, or '
its reaction product(s) (Freeman, Unpublished Data).
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Figure 9.

Same as Figure 10.

Unexposed lung.
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Figure 10. Acid orcein stain of elastic fibers in NO 2-exposed lung. (Magnified
'504x)
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Figure 11.

Figure 12.

Comparative widths of
collagen and elastin fibers
as a function of duration
of exposure to NO; in
alveolar ducts. Control
and exposed lungs.

Proteolytic activity in
lung as a function of
duration of exposure
to NOz.




Figure 13. Desquamating Type 1 alveolar cells following exposure to NO,.
(Magnified 504x)
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Figure 14. Replication rates of labelled Type 2 cells as a function of duration
of exposure to NO,.

When homogenized rat lungs were exposed to a high concentration of NO;
labelled with the nonradioactive isotope N 5, (15NO ») was found to be incor-
porated largely in the extractable lecithins and partially in protein (Freeman,
Unpublished Data). This was observed in a collaborative study with Carter at
Oak Ridge National Laboratories.

A third factor may simply be expiratory air pressure (Juhos et al., 1980),
or such stress combined with direct chemical or enzymatic weakening of alveolar
structure, or all three. While the lungs of continuously exposed rats are
increasing in volume and weight, their terminal bronchiolar airways, as measured
at a precise point (Figure 15) diminish in diameter about 44% during a year or.
more of residence in 15 ppm NO,. This is equivalent to a 69% reduction in its
cross-sectional lumenal area (see Figure 16 and Table 3). Thus, small airway
disease or bronchiolitis most likely plays a major role in this form of experimental
emphysema (Hogg et al., 1968) as it appears to in the human disease (Thurlbeck,
1976) and is often manifest through frequency dependence of compliance (Figure

17) or by closing volume determination.
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Figure 15a. Sites of
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Figure 15b. Sites of mea-
surements of diameters in
small airways. (Magnified
200x)
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Figure 16. Comparative distributions of terminal bronchiolar airway diameters of
normal and chronically exposed lungs.
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TABLE 3. REDUCTION IN COMPUTED FLOW RATES RESULTING FROM THE
CONSTRICTION OF LUMENAL AREA IN THE TERMINAL
BRONCHIOLES IN NO, -EXPOSED RAT LUNGS

Control | Exposed
Mean Flow Rate Mean Flow Rate Reduction Flow
Area of Through Area of Through in Remaining
Exposure Lumen Lumen Lumen Lumen Area - (% of
Period (u?) {ce/sec) (u?) (cc/sec) %) control)
1 Week 15,386 6.1 10,930 3.1 29,0 50.3
2 Weeks 18,376 8.7 10,930 3.1 40.5 35.3
3 Weeks 17,195 7.6 11,304 3.3 3.3 43.2
1 Month 19,104 9.6 10,382 2.8 45,7 ©29.6
2 Months 22,620 12,9 9,847 2.5 56.1 . 19,3
3 Months 23,223 13.8 7,386 1.4 68.2 10.1
4 Months 21,113 11.4 8,167 1.7 61.3 14.9
5 Months 20,857 11.2 7,085 1.3 66.0 11.6
7 Months 19,104 9.4 5,942 0.9 68.9 9.7
13 Months 18,617 8.9 5,942 0.9 68.1 | 10,2
15 Months 21,371 11.7 6,644 1.1 68.9 . 9.6
17 Months 20,096 10.4 5,942 0.9 70.4 | 8.8
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EXPOSED FROM ONE MONTH .~ Figure 17. Comparative com-
pliance curves as a function
of frequency of respiration in
normal and chronically
exposed rats.
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This oxidant-induced ‘emphysema in the rat is accompanied by extra- -
pulmonary expressmns, also characteristic of the human disease. For example,
the heart weight increases, although we have not examined this in terms of cor
pulmonale (Freeman, Unpublished Data).’ The arterial Po, becomes increasingly
reduced and erythrogenesis is stimulated. The polycythemia then tends to adapt
over several years of exposure in the monkey (Freeman, Unpublished Data). See
Figure 18. Also, isoelectric focusing on polyacrylamide gel reveals a strong band
of methemoglobin in the blood of exposed rats when compared to normal blood
(Freeman, Unpublished Data). Species idiosyncrasies are revealed in the rat
and in the primate (Macacus speciosa) also, as a tendency for red cells to be
released with a somewhat reduced mean corpuscular volume durmg their acceler-
ated generation. Therefore, the erythrocyte concentrations rise while the animals
maintain stable hematocrits and normal mean corpuscular hemoglobin concentratlons
(Furiosi et al., 1973). As a result, the total surface area for gas-exchange in
the red cell mass 1ncreasés by the disti‘ibution of cellular hemoglobin into smaller
packages. R :

Observations we have made in monkeys (M. speciosa) exposed to NO, for up
to 10 years (Freeman, Unpublished Data) tend to confirm our findings in rats and
help to bridge the gaps in our knowledge about differences among species, partic-
ularly between experimental emphysema in the rat and its natural history in man.
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Figure 18. Erythrocyte concentrations as a function of duration of exposure of
monkeys to NO,, and their controls.

Thus, the high concentrations of NO; in tobacco smoke, its conspicuous
retention (> 80%) when inhaled, the unequivocal correlation between smoking and
emphysema, and the several equivalent features in the pathogenesis in man,
monkey, and rat implicate NO; as a major etiologic factor in emphysema in man

as well as in the rat.

Other components of tobacco smoke may also contribute

to features unique to the human disease, such as phagocytized carbon particles.
Also, the cadmium in tobacco smoke has been shown to injure lungs (Hayes

et al., 1976).

In conclusion, the NOj,-produced emphysema in the rat may be a first-cousin
to smokers' emphysema in man, and provides a useful model in which to study
etiology and details of its pathogenesis.
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INTRODUCTION

What are the consequences of chemically produced pulmonary damage in
experimental animals or of the inhalation exposure of animals to environmental
pollutants? Evaluation of the health effects of inhaled pulmonary toxicants is
based on an understanding of normal lung function and an ability to determine
both the presence of disease and the extent of such disease. Because of the
diversity in disease processes, interpretation of pulmonary function tests is
complicated. Different lesions affect the lungs in different ways. Therefore,
tests of spirometry, ventilation, gas exchange, and pulmonary mechanics
should be done.

Application of these tests to problems of environmental or occupational
health will be useful to determine the nature and extent of pulmonary damage
following inhalation exposure of the animals to pulmonary toxicants. Disease
progression can be followed. Interpretation can be based on disease states as
identified morphologically. In addition, these tests can be used to scale
pulmonary function in animals of different body mass. Such information may be
of importance in extrapolating effects of inhaled compounds on humans.

TESTS OF PULMONARY FUNCTION USED IN SMALL ANIMALS

Small animals present many advantages for environmental or toxicologic
studies when compared to larger animals (less expensive, easier to expose,
logistically less complicated). However, as one attempts to study smaller
animels, the difficulty of accomplishing a given pulmonary function test

DISCLAIMER

This paper has been reviewed by the Health Effects Research Laboratory,
United States Environmental Protection Agency, and approved for publication.
Mention of trade names or commercial products does not constitute endorsement
or recommendation for use.
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increases. Respiratory events occur more rapidly and signals are smaller in
small animals. Rapidly occurring events, including normal breathing, have
higher frequency content in smaller animals. The frequency response of
the measuring equipment should be tested and should be linear throughout
the range of frequencies likely to be encountered. The requirement for
stable, sensitive, and rapidly responding equipment may become a limiting
factor.

Equipment dead space requires innovative techniques to avoid masking
signals or changing respiration. Use of smaller tubing will decrease dead
space, but, at the same time, will increase inertance in the tubing. An
appropriate compromise needs to be found. In spite of these difficulties,

a number of useful tests have been developed which can be used with small
animals and are described here. All of these tests (except for the measurement
of closing volume) have been successfully accomplished in animals as small

as the 25 g mouse.

TOTAL LUNG CAPACITY AND RESIDUAL VOLUME

Lung volumes are likely to change in predictable ways as pulmonary
disease develops. For example, both total lung capacity (TLC) and residual
volume (RV) will increase in the presence of emphysema and both will
decrease in the presence of restrictive disease. These subdivisions of lung
volume are easy to measure and do not require extensive equipment., The
TLC is determined by independently measuring the RV and the vital capacity
(VC). The VC can be defined as the volume necessary to inflate the lungs
from an airway pressure (Payw) of -15 to +30 cm H,0 relative to atmospheric
pressure (Pp); that is, the volume to inflate the lungs from RV to TLC.
This volume change can be measured in a plethysmograph or as the displace-
ment from a syringe as the lungs are inflated.

The RV can be measured by either of two methods. Gas dilution tech-
niques suitable for use with small animals have been described by Takezawa
and his co-workers (Takezawa et al., 1980). They are easy to use and do
not require extensive measuring equipment. The gas in the lung is equili-
brated with a test gas of known volume which contains 0.5% neon (Ne).

The change in Ne concentration is proportional to the lung volume into which
the test gas has been diluted. Another technique used to measure RV
involves the use of a sensitive plethysmograph. By briefly occluding the
airway at RV and then measuring the changes in P,y and the change in thor-
acic gas volume (VTg), it is possible to calculate the RV using Boyles Law
(Koo et al., 1976; Sinnett et al., 1981). A correction can be applied to this
measurement to account for the oxygen absorbed during the procedure.

These two methods for measuring RV are equivalent in small animals.?®

SINGLE BREATH DIFFUSING CAPACITY FOR CARBON MONOXIDE

The Dj, co is likely to be reduced when ventilation and blood flow are not

matched or when alveolar walls are damaged such as occurs in the presence of

1James Raub and Robert Mercer, unpublished observations.

106




emphysema. This test is useful to predict changes from normal gas exchange.
It is easy to perform and, like the measurement of lung volumes by gas
dilution, does not require extensive equipment. Methods for the measurement
of the diffusing capacity for carbon monoxide (DLC ) have been reported by

Takezawa et al. (1980). These methods involve inflating the lungs with a test
gas containing 0.5% Ne and 0.5% carbon monoxide (CO) for a 10 second period
of breath holding. At the end of the breath hold, about 50% of the gas is
removed from the lungs to wash out the dead space and the remainder of

the gas is immediately removed as a representative alveolar sample. Ne and
CO concentration are determined with a gas chromatograph, and the rate of
CO diffusion from the alveoli into the blood can be calculated.

MULTIPLE BREATH NITROGEN WASHOUT

This test involves rather extensive equipment including a plethysmograph,
recorders, and a N, meter. Data analysis can be greatly facilitated by using
automatic data processing equipment which allows the use of more rigorous
methods such as moment analysis (Saidel et al., 1975). The multiple breath
nitrogen washout promises to be useful especially in cases where "slow
compartments", that is poorly ventilated units, exist.

This test is performed by ventilating an animal with 100% O, and
measuring the airway N, concentration (Holub and Frank, 1979). With each
breath, the N, remaining in the lungs is diluted until it is completely washed
out of the air spaces and only that N, diffusing from tissue stores appears in
the expired gas. A typical tracing of a multiple breath nitrogen washout
is the control tracing of Figure 1. If there are slow compartments in the
lung, it will take longer to washout the N,. As a first approximation, we
have calculated log $ N, versus breath number and measured a slope for N,
washout (log % Nj/breath). In addition, the number of breaths required to
reach a N, concentration of less than 1% has been called the breath index.

VOLUME - PRESSURE RELATIONSHIPS

The quasi-static compliance characteristics of the respiratory system re-
quire specialized equipment. However, it is a useful test which has been used
by Snider and his co-workers to evaluate the presence of pulmonary disease
(emphysema) in small animals (Snider et al., 1977). The Paw and the changes
in Vpg must be measured. The latier is conveniently accomplished in a
plethysmograph. Compliance can then be determined from the least-squares
regression fit of the deflation limb of the pressure-volume curve. Since the
chest wall is exceedingly compliant in small animals, a change in total respira-
tory system compliance will approximate changes in lung compliance. However,
lung compliance can be separated from chest wall compliance by measuring
pleural pressure. A fluid-filled esophageal catheter, properly placed in the
esophagus, will follow changes in pleural pressure closely. Koo and his
co-workers have described some elegant techniques to accomplish these
measurements (Koo et al., 1976).
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Figure 1. Airway nitrogen concentration from golden syrian hamsters venti-
lated with 100% oxygen. Emphysema was produced by the
intratracheal instillation of 24 units of porcine pancreatic elastase/100

g body weight.

MAXIMAL EXPIRATORY FLOW-VOLUME (MEFV) RELATIONSHIPS

The MEFV is useful because it provides information on the functional
status of airways, especially the small airways. Very fast measuring and
recording equipment with demonstrated frequency response is required to
successfully measure rapidly occurring maneuvers such as the MEFV. For
use with small animals, flow plethysmographs which utilize stainless steel mesh -
screen as resistance elements have proven accurate and useful (Diamond and
O'Donnell, 1977; Lucey et al., 1978; Mauderly et al., 1979; Sinnett et al.,
1981). To measure a maximal expiratory flow-volume effort, the airway -
cannula of the experimental animal is exposed to a forcing function (that is
a pressure sink maintained at 30-60 cm H,0O less than Pr). This requires
very low impedance tubing (short with wide bore) and a low impedance valving
system that permits production of a virtual step pressure change. Tests can
also be accomplished using gases of different densities (e.g., helium-oxygen
mixtures) which permit further definition of the diseased airways. Measurement
of MEFV in small animals has been reported by Diamond and O'Donnell (1977),
by Lucey et al. (1978), and by Sinnett et al. (1981) using flow plethysmographs.
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SINGLE BREATH OXYGEN TEST (CLOSING VOLUME)

Similar equipment to that used for the multiple breath nltrogen washout
is required to accomplish this test. It is accomphshed by inflating the animal
to TLC with 100% oxygen and monitoring the airway N, concentration dur1ng
a slow deflation maneuver. During the exhalation maneuver, the N, concen-
tration initially rises quickly as the anatomical dead space is washed out.
Then during the "alveolar plateau", the N concentratmn rises more slowly
as more distal gas exchange units contribute théir gas. Finally, a rather
sharp increase in N, concentration occurs near RV. The volume at which
this increase occurs is-called the closing volume and represents the point
at which small airways actually start to collapse. The techniques to make
these measurements have been déscribed by Likens and Mauderly (1980) and
by Loscutoff2

OTHER. TESTS, |

There are other tests of pulmonary function which can be used in
small animals. Airway response in bronchoprovocation can be measuréd in
unanesthetized gumea pigs using the techniques for measurement of dynamm
compliance and airway resistance which was described by Amdur and Mead ™
(1958). New techniques to measure respiratory impedance in small animals
are being developed by Jackson and his colleagues and have been reported
in a separate paper in this symposium. With the development of equipment
capable of measuring blood gases with very small samples, O'Brien and his
co-workers (1979) have reported on the measurement of blood gases in -
unanesthetized hamsters at rest and during exercise (O'Brien et al., 1979).
Such techmques will be useful to measure the shunt effect or to study gas °
exchange or respiratory control. Because of the current need and interest
in 'this field, other new tests will be appearing Wthh should be tr1ed and
1ncorporated mto other tests already in use.

EFFECTS OF EXPERIMENTAL EMPHYSEMA ON PULMONARY FUNCTION

Experimentally produced pulmonary emphysema is a useful model of
pulmonary disease that is well documented and reported in the literature
(Karlinsky and Snider,’ 1978; Kuhn and Tavossoli, 1976). For the studies
reported here, éemphysema was produced in golden syrian hamsters by the
intratracheal instillation of 24 units of porcine pancreat1c elastase per 100 g
body weight (in 0.5 ml saline). ' The animals Were ‘held for three weeks ;
before being studied. Lungs were fixed at 20 cm H,0O with 2% glutaraldehyde
infused via a low resistance fixation system (Hayatdavoudi et al., 1980) and
the presence of emphysema was conf1rmed in tlssue sections exammed
histologically.

2Susan M Loscutoff Ph. D s Battelle Northwest Pa01f1c Lab R1ch1and WA
99352.
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Measurable changes in the pulmonary function have been found using
the tests described above. Table 1 lists the changes in the mean linear
intercept, lung volumes, Dy o’ and the multiple breath nitrogen ‘washout in

our hamsters. Snider and his co-workers (1977) have previously repofted on
changes in lung volumes and compliance of the lungs and chest wall. The
changes observed in these two studies are parallel and complementary.

TABLE 1. PULMONARY FUNCTION CHANGES OF HAMSTERS WITH
EXPERIMENTAL EMPHYSEMA (MEAN % SD)

Normal Emphysema
Body weight, g 155 * 22 144 * 23
Lung weight, g 0.77 * 0.05 0.81 + .23
Mean linear intercept, uM 3.0 £ 9.8 1.0 + 28.7
Total lung capacity, ml 7.6 £ 1.3 12.5 + 2.8
Residual volume, ml 1.1 £ 0.6 2.6 1.6
Diffusing capacity (DLCO), :
ml/min x torr™?! 0.236 * 0.069 0.094 % 0.020
N, slope, log % breath™? 0.448 * 0.068 0.226 *+ 0.049
Breath index, # of breaths 9.0 £ 1.0 19.0 + 2.0

The multiple breath nitrogen washout from a normal and an emphysematous
hamster is shown in Figure 1.  Although the interpretation of these changes
is not altogether straightforward, it is clear that differences exist in these
measurements which may be useful in estimating functional changes in the
presence of pulmonary diseases.

Mauderly et al. (1979) have measured the difference in flow-volume
relationships in normal vs. emphysematous rats and have found that flows were
lower at all lung volumes in the diseased animals when compared to normal
rats. The single breath oxygen test has been accomplished in rats by Lilkens
and Mauderly (1980) who found that although the slope of phase III (the
"alveolar plateau") was not different, the closing volume was shifted to a
larger volume in the emphysemic as compared to the control animals.

FUNCTIONAL RESPONSE TO OTHER OXIDANT GASES

Following continuous exposure to 60% oxygen for 7 days, the TLC of rats
was reduced by about 13% with no change in the DLco (when expressed as

DLCO/TLC). Table 2 summarizes this information. In a separate study,

hamsters were exposed for 21 days (23 h/d) to the reaction products of a
complex mixture of ozone - sulfur dioxide - trans-2-butene. Following this
exposure, we found that the Dj, was increased significantly in both untreated
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hamsters and in hamsters with experimental emphysema. Some of these data
are shown in Table 3.

TABLE 2. DIFFUSING CAPACITY AND LUNG VOLUMES OF
RATS FOLLOWING EXPOSURE TO 60% O, FOR 7 DAYS

Control 60% O2 exposed
Body weight, g 347 * 20 357 + 29
Lung weight, g 1.5 + 0.2 1.5+ 0.2
Total lung capacity, ml 14.4 £ 2.0 12,6 = 2,0%
Diffusing capacity (DLCO) ,
ml/min x torr 0.206 = 0.044 0.181 * 0.035
DLCO/TLC : 0.0147 + 0.0043 0.0148 + 0.0042
*» < 0.05
TABLE 3. PULMONARY FUNCTION OF HAMSTERS WITH
EXPERIMENTAL EMPHYSEMA EXPOSED FOR 21 DAYS TO A
COMPLEX MIXTURE OF POLLUTANTS
n Air Complex mixture
TLC, mi® 10 10.7 + 0.9 10.3 * 0.8
RV, ml 10 47207 51 :0.6
DLCO’ ml/min x ’corr-1 10 0.088 *+ .008 0.113 * 0.007*
Lung weight, g 8 0.75 £ 0.01 | 0.77 + 0.03
Breath index, # of breaths 6 12.1 £ 2.4 12.8 + 1.9

aAdjusted means (1SE) by analysis of covariance.

*Significantly different (p < 0.05) using Dunnett's Tést.

CONCLUSION

Useful tests of pulmonary function have been developed in recent years
which can be utilized with small laboratory animals. These tests can be used
to determine if pulmonary disease is present. In addition, the severity of
such disease can be evaluated. The use of pulmonary function tests on
animals following the inhalation exposure to environmental pollutants will prov1de
valuable information regarding the health effects of such pulmonary insults.
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Dose-response relationships could be determined for agents known to have:
pulmonary effects. Because these tests are adaptations of similar tests
utilized in humans, extrapolation models may be developed which will help in
the evaluation of the potential health effects of inhaled agents to which humans

might be exposed.
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OSCILLATORY MECHANICS IN NORMAL RAT LUNGS
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There are numerous advantages associated with using small laboratory
animals, such as the rat, for physiological and toxicological studies. Methods
for assessing pulmonary function in mammals are often ones originally devised
for use in humans. However, application of these methods to study small
mammals is often difficult because of their small size. Dynamic pulmonary
function tests, used to detect alterations in airway caliber, that have been
used in small mammals include measures of trans-pulmonary resistance during
normal breathing (Amdur and Head, 1958), forced oscillatory resistance at
a single frequency (Diamond et al., 1975), maximum forced expiratory flow-
volume curves (Diamond and O'Donnell, 1977; Vinegar et al., 1979), and
frequency dependence of compliance (D'Angelo, 1976; Diamond and O'Donnell,
1977). Recent studies performed in humans indicate that the most sensitive
tests for small airways obstruction are frequency dependence of compliance
and frequency dependence of resistance (Kjeldgaard, 1976). There are,
however, methodological reasons why frequency dependence of resistance is
a simpler test to employ.

This report describes a method for measuring the total respiratory system
impedance in small mammals. From these data one could assess both frequency
dependence of resistance and frequency dependence of compliance. Measure-
ments on 31 normal rats indicate that the respiratory system of the rat
behaves generally like a series mechanical network consisting of a resistive,
compliant, and inertive element. This is behavior similar to that of the
normal human. Parameter optimization techniques were used to derive resistance,
compliance, and inertances of an equivalent network for each animal studied.

METHODS

THEORETICAL CONSIDERATIONS

To avoid the frequency-response problem associated with the use of
pneumotachometers for oscillatory flow measurements (Finucane et al., 1972;
Jackson and Vinegar, 1979), we used a newly designed device (Jackson and
Vinegar, 1979) that functions not only as the oscillatory flow generator but




also as the detector by which flow is measured. The system consists of a
loudspeaker mounted between an airtight reference chamber in which a
measure of pressure provides an estimate of speaker motion and a test
chamber to which is attached the animal to be studied (Figure 1). The
flow generated by the loudspeaker is measured by the ratio of pressure in
the reference chamber, P;, to the impedance of that chamber, -1/jwC;, where
j =+V-1, w= 2nf with f the frequency of oscillation, and C; = the compliance
of the reference chamber. That same flow, .if connection T is intact, equals
the sum of flows through the two parallel pathways, each given by the ratio
of pressure in the test chamber, P,, to the respective impedances, Z, and
Z,g:

“jwCiPy = P2f/Zy + P2/2 . (1)

Equation (1) can be solved in terms of the oscillatory flow into the animal,

Vos = lezrs, or:

VOS = jwC1P1 + P2/Z,. ' (2)

Dividing both sides of equation (2) by P, and reordering, we obtain the
following expression for the respiratory system impedance:

er = 1/(ij1P1/P2 - 1/22) (3)

Thus, provided that C, and Z, are known, we can determine flow through the
load as well as the animal's respiratory system impedance from measurements of
pressure in the reference and test chambers.

D/A converter >

11 /34
Computer

A/D converter [

Figure 1. Schematic diagram of apparatus used to measure mechanical impedances.
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The compliance of the reference chamber, C;, is given by:

where V3 is the volume of the chamber in liters, P, the barometric pressure
in cm H»0, and y = 1.4, the ratio of specific heats at constant pressure and
constant volume for adiabatic compression in air. ‘We measured Vi by water
displacement. The volume of the test chamber is difficult to measure because
of its irregular geometry. We therefore preferred to determine Z: empirically
from measurements of P1 and P, obtained with the connection T interrupted so
that flow through the port equals zero, and equation (1) becomes:

Z, = =Py /P1jwCa (5)
EQUIPMENT

A standard loudspeaker (901 series 2, Bose, Inc., Framingham, MA) is
mounted in a cylinder with hemispherical domes at either end. The domes and
cylinder are made of 0.635-cm thick Lucite!™, The speaker divides the cylinder
into two asymmetrical chambers. The volume of the reference chamber (#l in
Figure 2) is approximately four times larger than that of the test chamber
(#2 in Figure 2). A pressure transducer whose frequency-response was
determined by us to be uniform from DC to at least 300 Hz (model 237, Setra,
Inc., Natick, MA) is mounted in the wall of each chamber.

P ~— ("= { 0S¢

A T e

Figure 2. Analogous electrical network of speaker chamber in Figure 1. See
text for definition of variables and parameters.
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Sinusoidal functions are generated by a d1g1tal computer (PDP 11/34,
Digital Equipment Corp., Maynard, MA).  After digital-to-analogue conversion
(D/A Model AA-11K, DEC) and amphflcatlon (model D150A, Crown, Elkhardt,
IN), the oscillatory signal is applied to the loudspeaker. The computer
program includes a feedback loop that adjusts the amplitude of the D/A output
so that peak oscillatory flows are the same at all frequencies. During oscilla-
tory measurements, P; and P, are separately amplified and, with a filter
attenuation of 24 db/octave, filtered below 5 Hz and above 200 Hz (models. .
PS-11, 451, and 4113, Itacho, Ithaca, NY). P, and P, are then converted
from analogue to dlgltal form. (A/D model AD-11K, DEC) for subsequent
analys1s. ; : : L . : S RN

DATA ANALYSIS

The signals P1 and P, are of the form:

j P, (t) A, sin(wt) + B, cos(wt) OY
where i = 1 or 2. The sine component equals the real or in- phase port1on and
the cosine component the imaginary or out-of-phase port1on of each signal.’ =
The. coefficients of the sine and cosine components of such signals can be,

computed by, the relatlonshlps

1
NR AR

PREEY S PR I . Lo N

oy

o Zﬂ:‘ -

A= (1Um f sin(d)t)‘P'i(tjdt L gy
and
CBy = (Hm [ cos(wt) P(t)at R € ) I

Discrete florms"o‘f. (7). and (8) are éiven by:

. | | N B | ‘ ; ) . . ’ . B
<A =(2/N) I sin(nu/N) Pa)At T ()
n=1 L ' , I T
and
B, = (2/N) I cos(2nm/N) P;(m)At . "(10)
S / . LAY

where N is the total number of samples per cycl'e with period of NAt.

At each frequency, 12 cycles were generated. The response of the first
4 cycles was ignored because of possible transients from frequency increments.
During the next 8 cycles, each input signal P; and P, was sampled at 10
equally spaced times per cycle (N = 10 in eqn. 9 and 10). The 8 sets of 10
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data points acquired by each channel at each frequency were then ensemble
- averaged. Frequency was incremented in discrete 2-Hz steps from 20 to
128 Hz. The sine and cosine components of each signal were estimated by
using equations (9) and (10), with P,(n) the 10-point ensemble average for
each channel (n = 1,10). Pressures ]Pl and P, were converted to complex
numbers, and the complex ratio P,/P; was used to solve equations (2) and

( 3) .
CALIBRATIONS

To match transducer outputs, both transducers were temporarily mounted
in the test chamber. Pressure outputs P; and P, were compared at all
frequencies that were to be ultimately used. Differences in phase and ampli-
tude of P, with respect to P, at each frequency were stored and used to
correct all subsequent P, signals. '

To determine the test chamber impedance, Z,;, the port in the test cham-
ber was closed and a frequency sweep generated. Z, was then computed
(egqn. 5), stored for each frequency, and later used to calculate oscillatory
flow and impedance with equations (3) and (5).

Absolute pressure calibrations were not required for measuring oscillatory
resistance, because in the calculation of Z,g (eqn. 3), pressures appear only
as the ratio P;/P,. Scaling for the impedance measurements was given by
the volume of the reference chamber, as it appears in the expression for C,.

SELECTION OF SYSTEM PARAMETERS

We used a scheme described by Peslin et al. (1975) to select the para-
meters of a lumped mechanical network whose response compared best to the
experimental data. Briefly, this technique is accomplished by selecting a
network that seems realistic, picking values for the various elements within
the network, then comparing the impedance of the model to the experimental
data. New estimates for the elements are chosen, and the impedance of the
model with these parameter values is compared to the impedance of the
previous model. If these new parameters improve the comparison between the
model's impedance and the data, the search continues. By this iterative
process parameter values are selected so that the differences between the
model's impedance and the data are minimized.

To compare the impedance of the model to that of the data, it is necessary
to select some quantitative parameter that is representative of these differences.
We used the average distance (D) between the computed real and imaginary
parts of the impedance of the model and the data, that is given by:

n(R -R)D)?2+(X -X,?2
D (%) =130 5 _¢C d c d (11)

. .2 2
i=1 Rd +Xd
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where R is resistance (real part of impedance), X is reactance (imaginary part
of impedance), the subscript c is used to represent the computed model para-
meters, and the subscript d is used to represent the measured respiratory
system parameters. This difference, D, is minimized by an iterative technique
on a DEC 11/34 computer. The resulting minimum D is called the residual
difference, D). The magnitude of D, depends upon the values of the model's
parameters as well as upon experimental factors like noise and the distribution
of the data points with respect to the independent variable, frequency. Thus,
Dy should be used only to compare the agreement between the data and ‘
various models.

EXPERIMENTAL PROTOCOL

Studies were carried out on 31 male Sprague-Dawley, CRD-free rats
weighing between 254 and 482 grams. Rats were anesthetized with an intra-
peritoneal injection of sodium pentobarbital (45 mg/kg). The trachea was
cannulated in the cervical region with a blunted needle cannula (12 gauge,
stainless steel, luer fitting, 3.5 cm in length) that was passed through a
rubber stopper for connection to the port of the test chamber of the high
frequency oscillator, The tip of the cannula was 1.5 cm below the larynx.
All the rats were studied in the supine position. During the test the rats
breathed room air from the sealed oscillating chamber. Between runs the
rats were disconnected from the oscillating chamber while it was flushed with
room air,

Impedances of the tracheal cannula alone were measured at each of the
frequencies used. Resistances and reactances were stored, and these values
were subtracted from all subsequent measurements, which included the animal
plus the tracheal cannula. Thus, all impedance values reported here represent
impedances of the animal only. The tracheal cannula behaves like a resistor
and inertial element in series. With the flow amplitudes and frequencies
used, mean resistance of the tracheal cannula was 20 cm H,0/1/sec while its
inertance was .106 cm HZO/llsecz. :

RESULTS AND DISCUSSION

DuBois et al. (1956), who made the first impedance measurements in
normal humans, found that resistance was nearly constant over the frequency
range tested (2-15 Hz) and that reactance was negative at low frequencies,
became equal to zero (at approximately 6 Hz), then became positive at
higher frequencies. We found that in some normal rats, respiratory system
impedances (Figure 3a) had frequency-dependent behavior similar to man,
except the resonant frequency (i.e., the frequency where reactance equals
zero) occurred at much higher frequencies. Frequency-dependent behavior
such as this is typical of a mechanical system consisting of a single resis-
tance (R), a single compliant element (C), and a single inertial element (L),
all connected in series. As a first approximation we used this mechanical
model (i.e., a series RLC network) in our parameter optimization scheme to
estimate values of R, C, and L whose impedance was the optimum fit of the
experimental data. The resulting optimized parameters for each of the
animals studied are given in Table I,
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Mean respiratory system resistance in the animals studied here (103 cm
H,0/1/sec) was less than half the value for pulmonary resistance reported by
Diamond and O'Donnell (1977) (260 cm H,0/1/sec). This difference could
possibly be due to the resistance of the tracheal cannulas since Diamond and
O'Donnell did not subtract the resistance of their cannulas as we did.* The
resistance of our cannula was only 20 cm H,0/1/sec, which does not account
for the differences between our respective resistances, but if a smaller dia-
meter and/or longer tracheal cannula was used by Diamond and O'Donnell.
it is possible that its resistance could be of sufficient magnitude to explain -
this difference. Our mean compliance (1.33 x 107* 1/em H,0) does com-
pare favorably with dynamic compliance reported by Diamond and O'Donnell
(1977) (2.0 X 107* 1/cm H,0). To our knowledge no other investigators
have measured inertance in rats to which we can compare our values. 'Reso-
nant frequencies in guinea pigs have, however, been found to be about 32
Hz (Hiett, 1974), which compares favorably with resonant frequency in the
rat as measured by us (42 Hz).

In not all instances did the impedances have frequency-~dependent behav-
ior like that of the rat in Figure 3a. Several had frequency-dependent
behavior in resistance where resistance increased with increasing frequency
(Figure 3b). Frequency dependence of resistance such as was seen in this
rat can be due to: 1) nonlinear behavior of airway resistance caused by
distortions in their velocity profiles (Finucane et al., 1975), or; 2) inhomo-
geneities in the RC time constants or RL frequency constants of parallel
airway pathways. The degree to which velocity profile distortions produce
frequency dependence of resistance can be predicted on a theoretical basis.
Crandall (1926) developed equations describing the frequency-dependent
behavior of oscillatory resistances in straight, unbranched tubes. Even .
though these equations were developed for describing flow of incompressible
fluids, it has recently been-shown that at these frequencies they are also
applicable to compressible fluids' (Dorkin et al.; 1980). Crandall's work
indicated that the degree to which resistance is affected by welocity profile
distortions is conveniently expressed in terms ‘of the dimensionless parameter
o, where o = rV2nf/v (r = tube radius, f = frequencyin Hz, and v = dynamic
viscosity of the fluid) and that resistance begins to increase with frequency
when o > 1. Note that velocity profile distortion at a given frequency is
most severe in airways with the largest radius, in this case the .trachea.
Assuming that tracheal size in these rats was -approximately equal to the outer
diameter of the tracheal cannula (12 gauge, or r = .02 cm), ‘one finds that
o =1 at a frequency of-about 50 Hz. -Since this frequency is within the
frequencies used, it is possible that some of the frequency-dependent behav- *
ior in resistance is due to ‘this phenomenon.’' In addition, we found generally
that the degree of frequency dependence of resistance increased with the: '
size of the rat, and thus presumably with the size of the trachea. This is
consistent with the above hypothesis that frequency dependence of resistance
is, at least in part, due to velocity profile distortions.

The reactance 'of the RLC series model consisteritly ‘compared well with’
the experimental reactances. This is evidence.that frequency dependence' . .
of compliance (at low frequencies) does not occur in the normal rat.
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We have not yet investigated the use of more complex models (i.e., ones
including RLC pathways, or ones including airway wall properties) to describe
rat impedances. It is possible that impedances of these models will better
fit the data since their resistances can be frequency dependent. Use of more
complex models could also provide more information about the lung under normal
and diseased conditions. As an example, using a model incorporating airway
wall properties may provide evidence of the distribution of resistance between
central and peripheral airways. These techniques have successfully been
used in dogs (Pimmel et al., 1978) and humans (Williams et al., 1979).

To summarize, we have described a technique for measuring respiratory
system impedances in small mammals and have presented measurements in
normal rats. The mechanical behavior of the normal rat lung is similar to that
of the normal human lung in that it behaves much like a series RLC network.
Also, like the human, resistance is frequency dependent in some cases,
and this appears to be due to nonlinear behavior of resistance within the
larger airways. : :
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PAPER NO. 9°

BIOCHEMICAL CORRELATES OF AIRWAY AND TISSUE INJURY IN
~ RODENTS EXPOSED TO NO, *
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Inhalation Toxicology Research Institute
P.O. Box 5890, Albuquerque, New Mexico 87115

INTRODUCTION

The analysis of body fluids such as blood and urine has long been used’
in the detection of pathologic conditions of the body. We have been investi-
gating the efficacy of analysis of airway fluids, sampled by pulmonary lavage |
or by segmental washings, as a method for detecting lung injury in experi-
mental animals exposed to potential pollutants (Henderson et al., 1978;
Henderson et al., 1978; Henderson et al., 1979; Henderson et al., 1979).
Such a method would be useful as a rapid screening tool to determine which
compound in a series of compounds was the most toxic to the lung and at .
which level of exposure it was toxic. Earlier investigations showed that the . .
inflammatory response preceding the acute, diffuse lung injury caused by
inhalation of cadmium chloride could be easily detected by biochemical and A,
cytologic changes in lung lavage fluids (Henderson et al., 1978). The present
study was designed to determine; a) the best indicators of damage which can
be detected in lavage fluid from animals with a multifocal-type pulmonary
injury such as the terminal bronchiolitis resulting from an inhaled oxidant;

b) the lowest level of lung. injury that can be detected by assay of the '
parameters in our test system, and; c) the usefulness of measurement of
protease levels in lavage fluid or lung tissue as indicators of the early stages
of developing chronic, emphysematous-like lesions. To achieve the first two -
objectives, we examined the enzymatic activity and cytologic composition of
lung washings from Syrian hamsters exposed to graded levels of NO, for 48
hours. We also looked at enzymatic levels in whole lung washings and lung
tissue homogenates from Fischer 344 rats exposed for up to eight weeks to

20 ppm NO,.

* Research supported in part by the EPA via Interagency Agreement EPA IAG—‘:
D5-E61 under U. S. DOE Contract Number DE ACO4 76EV01013 ‘ :

** Current Address: Dept. of Veterinary M1croblology, Pathology
and Public Health -
School of Veterinary Medicine
Purdue University :
Lafayette, IN 47907 : i
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- MATERIALS AND METHODS

Three groups of 20 male and 20 female adult (12—16 week old) Syrlan P
hamsters [Sch:(SYR)] each were exposed to atmospheres containing mean
concentrations of 12,0 * 0.6, 16.7 * 0.5 and 22.4 * 1.5 ppm (% SD) NO, gas,
respectively, for 48 continuous hours. The NO, gas was generated from
nitrogen tetroxide and exposures were conducted using 27 inch, stainless
steel, Laskin type exposure chambers.” The NO, concentrations were monitored
continuously with a chemiluminescent NO, analyzer as well as periodically by
the Saltzman technique (Saltzman, 1949-1955). Temperature levels during
exposure were 70 to 80°F and relative humidity was approximately 40%. One
group of 24 male and 24 female adult hamsters were exposed to clean filtered
air for 48 continuous hours in similar chambers and under S1m11ar env1ronmental
conditions to serve as controls. :

At 1, 2, 8, and 21 days after initiation of the exposure, three male and
three female hamsters from each group were killed via exsanguination while
under 5% halothane anesthesia. The heart-lung blocks were removed and . .
weighed and the lungs lavaged twice with 4.0 mL of 0.15 M saline. Recovered
lavage fluid was collected in clean glass tubes and refrigerated (5°C).' The
right lungs were selectively perfused intravascularly with 0.15 M saline to
remove peripheral blood. : :

The right lungs were homogenized in 2.0 mL of cold (5°C) 0.25 M sucrose
containing 0.05 M Tris buffer, pH 7.4 in a Tissumizer® (Tekmar, Cincinnati,
OH) for 30 seconds at 50,000 rpm. Homogenates were centrifuged at 300 X g
for 10 minutes and the gauze-filtered supernatants kept at 5°C for biochemical
analysis. Collected lavage fluids were centrifuged at 300 X g for 10 minutes
and the supernatants kept at 5°C for biochemical analysis.

The cellular pellets resulting from lavage fluid centrifugation were resus-
'pended in 1.0 mL of 0.15 M saline. A Coulter counter (Coulter Electronics,
Inc., Hialeah, FL) was used to determine total erythrocyte and nucleated cell
counts., Cells were tranferred to glass slides by centrifugation at 700 rpm
for 5 minutes with a Cytocentrifuge (Shandon Southern Instruments LTD,
Canberry, Surrey, England). Differential cell counts were performed on all
Wright-Giemsa or Harleco's Diff Qu1k® (Harleco, Gibbstown, NJ) stained
cytocentrifuge samples.

Parameters measured in the cell-free portion of lavage fluids and tissue
homogenates were selected for their potential to serve as indicators of pul-
monary injury, repair and adaptation development (Henderson et al., 1979).
These parameters are listed in Table 1 with their tissue or cellular specificity,
cellular location, and possible indication if elevated. Total protein and sialic
acid were measured only in lavage fluids. Assays for lactate dehydrogenase
(LDH), glucose-6-phosphate-dehydrogenase (glu-6P-DH), glutathione reductase,
alkaline phosphatase, acid phosphatase, and B-glucuronidase were made by the
technique of Bergmeyer et al. (1974). Glutathione peroxidase was measured
by the technique of Little et al. (1970). Total soluble protein levels were
measured by the technique of Lowry (1951). Sialic acid levels were measured
by the method of Downs and Pigman (1976). The LDH, glu-6P-DH, glutathione
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reductase, alkaline phosphatase, and total soluble protein assays were adapted
to an automated miniature centrifugal analyzer (Multistat III, Instrumentation

Lab., Lexington, MA).

TABLE 1. BIOCHEMICAL PROFILE OF PULMONARY LAVAGE
FLUIDS AND TISSUE HOMOGENATES

Biochemical Parameter

Cellular Location

Possible Indication

Lactate Dehydrogenase

Glucose ~ 6 Phosphate-
dehydrogenase

Acid Phosphatase
and
B-glucuronidase

Alkaline Phosphatase
Glutathione Peroxidase
Glutathione Redﬁctase
Total Protein

Sialic Acid

Cytosol (glycolysis)

Cytosol (hexose mono-
phosphate shunt)

Cytosol (lysosomal
enzymes)

Plasma membranes

Cytosol

Cytosol

Extracellular

Cytosol and extra-
cellular

Cell damage (Increased
membrane permeability
to frank cell lysis)

1, Cell damage

2. Activation of macro-

phages

1. Release during phago-
cytosis :

2. PMN and/or macrophage
damage .

1. Cell membrane rupture

2. Transudation of serum
proteins

Protection mechanism acti-
vated against lipoper-
oxidation

Regeneration mechanism
for glutathione peroxi-
dase system

Transudation of proteins
across alveolar-capillary
barrier

Increased mucus secretion
in response to irritation

Morphologic pulmonary alterations were evaluated at 1, 2, 8, and 21 days

after initiation of exposure to NO,.

Four animals (two males and two females)

from each exposure level and six control animals (three males and three females)
were killed via exsanguination while under 5% halothane anesthesia on each day.
Gross alterations noted at necropsy were recorded. The right lung lobes were
perfused intratracheally with a 10% neutral buffered formalin solution. Tissues
were embedded in paraffin, sectioned at 5 microns and stained with hematoxylin
and eosin for light microscopic examination.
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For studies on developing chronic lung pathology, Fischer 344 rats, which
were laboratory reared and specific pathogen free, were exposed in four, 27-inch,
Laskin type, whole-body exposure chambers in groups of 64 to ~ 20 ppm NO, ‘
for 24 hours/day, five days/week for eight weeks or were sham exposed to filtered
air. Chamber nitrogen dioxide concentrations were determined as described
above. Mean NO, concentration (Saltzman) was 20 * 2 ppm for the eight-week
exposures.

Six control and exposed rats (3 males and 3 females) were sacrificed at 2
days, 2 weeks, -2, 63, and 12 months after exposure using halothane anesthesia
and cervical dislocation. Lungs were lavaged and the right diaphragmatic lung
lobe homogenized in 0.25 M sucrose in 0.05 M Tris buffer at pH 7.4. Biochemical
constituents (LDH, alkaline phosphatase, protein) of lavage (airway) and homo-
genate (tissue) supernatant fluid and cellular composition of lavage fluid were
noted (Henderson et al., 1979). Protease activity was quantitated as mg 1*C-

“leucine~globin released/hour/kg body weight and determined at pH 5.0, 7.2,
and 8.0 at 25°C in the presence of 0.02 M cysteine to activate thiolproteinases
(Barrett, 1980).

For histopathology studies, four exposed and four control rats (two male
and two female) were sacrificed at the same time periods and the lungs endo-
tracheally perfused for 24 hours with 10% neutral buffered formalin at 20 cm
H,0 pressure. Lungs were sectioned and stained with hematoxylin and eosin.
The mean linear intercept (MLI) of alveolar walls was determined using the
procedure of Dunhill (1962). Each measured parameter of the study, except
mean linear intercept, was corrected for any difference in body mass by
expressing it as the amount present in lung per kg body weight.

The Mann-Whitney U statistic was used to detect differences in central
tendency for all tests in the study.

RESULTS

The peak biochemical and cytologic response in the lavage fluid from the
hamsters was seen at 2 days after initiation of the acute exposures (Figure 1).
Protein levels in the lavage fluid were also elevated. While all the biochemical
and cytologic parameters measured showed a dose-related response, by far
the most sensitive indicator of the terminal bronchiolitis caused by NO, inhala- .
tion was the influx of neutrophils. The graded levels of injury caused by the
exposures to different concentrations of NO, indicated an increasingly extensive
necrotizing terminal bronchiolitis (Figure 2).

Biochemical analysis of the lung homogenates showed an increase in enzymatic
activities as well as the total protein in the homogenates (Table 2). The latter is
probably a good measure of the degree of cellular influx into the injured lung
as well as the inability to adequately perfuse the vasculature of the injured lung.
The only enzymatic activities that increased more than the protein content were
alkaline phosphatase and glucose-6P-dehydrogenase.
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Figure 1. Levels of biochemi;:al and cytologié indic;tors of pullnionary injury

detected in lung washings from hamsters two days after initiation

of exposure to 12, 17, or 22 ppm NO,. Each bar represents the
mean of results from 6 animals. LDH = lactate dehydrogenase;

alk phos = alkaline phosphatase; acid phos = acid phosphatase;

glu red = glutathione reductase; glu per = glutathione peroxidase;
PAM = pulmonary alveolar macrophages; PMN = polymorphonuclear
leukocytes. Levels of the biochemical measurements are significantly
different from controls (P < 0.05) for the 17 and 22 ppm NO,

“exposures. Cytologic changes were significantly different from . :

controls at all three exposure levels.
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Figure 2a. Lungs from hamsters immediately after a 48-hour exposure to 0, 12,
17 or 22 ppm NO,. Hematoxylin and eosin stain (224 x). ‘

( -r

Figure 2b. . Lungs from hamsters immediately after a 48-hour exposure to 0, 12, .
17 or 22 ppm NO,. Hematoxylin and eosin stain (224 x).
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Figure 2¢. Lungs from hamsters immediately after a 48-hour exposure to 0, 12,
17 or 22 ppm NO,. Hematoxylin and eosin stain (224 x).

Figure 2d. Lungs from hamsters immediately after a 48~hour exposure to 0, 12,
17 or 22 ppm NO,. Hematoxylin and eosin stain (224 x).
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TABLE 2. BIOCHEMICAL RESPONSES IN PULMONARY TISSUES FROM
SYRIAN HAMSTERS 2 DAYS AFTER INITIATION OF
EXPOSURES TO VARIOUS NO, CONCENTRATIONS*

NO, Concentration

(ppm)

Parameter 0 12 17 22

LDH 260 * 44 354 & 92+ 348 * 48 t 641 * 1011-
Alkaline Phosphatase 2.5+ 0.9 3.7+1.6 7.3+ 1.67  15.9+5.8%
Acid Phosphatase 7.1+ 0.7 9.3 % 2.2 9.1x1.07 10.520.9%
Glutathione Reductase 16.5 £ 3.1 19.5 * 3.5 23.2+2.21 24.4 £ 3,87
Glutathione P.eroxidase 8.52.1 9.3+1.0 11.0 % 2.31- 12.3 2.0+
Glu-6P-DH 8.1+1.6  10.7%3.4 16.7+3.07  32.9zx6.27
B-Glucuronidase 0.9£0.2 1.1+ 0.2 1.1 £ 0.2 l.4 % 0.2+
Total Protein : 269 + 34 297 + 64 g18 t 2557 625 x99 T

* Values are means of six samples * SD. All values are given as IU/lung/kg body
weight (enzymes) or mg/lung/kg body weight (protein).

* Value differs significantly from control (p < 0.05) by Mann-Whitney U Test.

In the study of rats exposed to 20 ppm NO, for up to eight weeks, animals
observed at 2 days after initiation of the exposure had lavage fluid and tissue
changes similar to those observed in hamsters in the previously described acute
study. Histologically observed pulmonary edema was consistent with the ~ 10
fold increase in airway protein. Airway neutrophils (as sampled by lavage) were
increased approximately 8 fold and a multifocal terminal bronchiolitis was
present. Airway LDH and alkaline phosphatase were elevated (410% and 230% of
control, respectively, p < 0.05).

By 14 days, the lavage fluid neutrophil content had returned to normal but
the pulmonary macrophage count was elevated approximately 3 fold. The LDH
and alkaline phosphatase activity remained above controls but decreased from the
2 day levels (280% and 190% of control level, respectively, p < 0.05). Alveolar
walls were slightly thickened by apparent interstitial cell prohferatmn. Increased
volume of lungs (150% of control, corrected for differences in body mass,

p < 0.05) was present and remained for 6 months after initiation of the exposure.

In 2 months, at the end of the exposure, the biochemical and cytologic
indicators of injury measured in lavage fluid had all returned to control levels
and histologic changes were resolving. There was an increase in the mean linear
intercept of alveolar walls and this remained elevated at 6 and 12 months after the
exposure (Figure 3). By one year after initiation of the exposure, a qualitative
increase in alveolar size was observed but no septal damage or thickening was .
present as observed by light microscopy (Figure 4).
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Figure 3. Mean lmear intercept of alveolar walls of Fischer 344 rats exposed to
20 ppm NO, for eight weeks. Mean linear intercept is shown as an
absolute value and a percent mean control response for rats exposed
to 20 ppm NO, and control rats (cont. * S.D.) and sacrificed 2 days~
12 months after initiation of exposure. Error bars indicate 1 standard
deviation. Increases from mean control response are noted for -

p < 0.05 using The Mann-Whitney U statistic.

An attempt was made to measure the proteolytic activity of lavage fluid but
the assay used (Barrett, 1980) was not sensitive enough for the diluted act1v1ty
in the lavage fluid. However, tissue levels of acid and neutral proteolytic
activity were both increased at 2 days and at 2 weeks and the neutral protease
level remained elevated at 12 months after initiation of the exposure (Flgure 5).

DISCUSSION

In lung washings from the acutely injured animals, there was a good corre-
lation between the biochemical and cytologic indicators of pulmonary injury and
the degree of injury seen morphologically. The best early indicator of the acute
multifocal pulmonary injury caused by NO;, exposure was the increased number
of neutrophils in both the Syrian hamster and the Fischer 344 rat. The lowest
level of this type of injury which could be detected by lung washings was not .
well determined by this study, since the lowest level of exposure (48 hours at
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12 ppm NO,) produced a 10 fold increase of neutrophils in the hamster lung
washings. It would appear that much lower levels of injury might have been
detected. These results are in contrast with observations in lung washings from
Syrian hamsters exposed to CdCl, (Henderson et al., 1979). In the diffuse
lung injury caused by the metal salt, the biochemical and cytologic parameters
were equally sensitive indicators of the degree of injury.

In the study designed to follow changes in lavage fluid parameters which
might be indicative of developing chronic pathology, an adaptive response was
seen. The adaptation seen histologically was paralleled by indications of adap-
tation seen in the lung washings. By 2 months, the biochemical and cytologic
indicators of the early inflammatory response to injury had all returned to
normal and histologic indications of inflammation were also gone. The one
biochemical parameter which had not returned to normal by 12 months was the
elevated tissue level of neutral proteolytic activity. This correlated well with
the histologically observed increase in the mean linear intercept of alveolar walls
which was present from 2 to 12 months after initiation of the exposure. Our
current efforts are aimed at developing more sensitive and specific assays of
proteolytic activity so we can measure the low levels found in the lung washings.
This ability would enhance the usefulness of analysis of lung washings as a
screening tool for pulmonary injury.

In summary, analysis of lung washings can be used to screen for early
inflammatory responses in the lung to acute inhalation exposure to test materials
and to measure adaptation to continued exposures. This rapid screening tech-
nique can be used to rank the pulmonary toxicity of a series of compounds. As
used in our studies, the lung washings are performed on excised lungs as a
more rapid method of detecting levels of injury than the use of complete histo-
pathologic examination. The screen is useful for choosing appropriate compounds
and exposure levels for subsequent in-depth studies in which complete histo-
pathologic evaluations will be made. In larger animals, the technique could be
modified to use segmental lung washings performed serially in the same animal.
Our results to date indicate that the lung washings may also prove to be useful
in the detection of developing chronic lung pathology if specific and sensitive
assays for critical parameters are developed.
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INTRODUCTION

Bronchiolitis can be experimentally induced in a variety of animals by the
inhalation of ambient levels of ozone (Castleman et al., 1980; Mellick et al.,
1977; Schwartz et al., 1976). A major component of this bronchiolitis is the -
accumulation of inflammatory cells consisting of macrophages, eosinophils, and
neutrophils. If the ozone insult persists for a period of weeks to months,
the inflammatory cell infiltrate also persists, even though evidence of pulmonary
epithelial cell necrosis and repair is gone (Castleman et al., 1980; Eustis et al.,
1978).

We have attempted to measure the magnitude of this inflammatory cell infil-
trate to establish the dose response characteristic for ozone. A quantitative
approach was necessary to allow comparison of various ozone exposure regimens
and to allow comparison of the response induced by ozone with that of various
other inhaled pollutants. Two relatively simple morphologic approaches will
be described.

In addition to quantifying the numbers of macrophages accumulating within the
lesion site, it is crucial to assess the functional characteristics of these cells.
It is not our intent to review all functions of the alveolar macrophage and known
effects of various pollutants, but rather to focus on four selected in vitro functions
that we have used to gauge the type and magnitude of ozone damage.

Features commonly used to identify macrophages are listed in Table 1. A
single feature cannot be used alone to definitely identify a macrophage, but the
presence of several features collectively adds to the evidence that a cell is
truly of the mononuclear phagocytic series. The macrophage also manufactures
and releases substances that have enzymatic capabilities, function as components
of host defense systems, and/or alter functions of other cell populations
(vanFurth, 1975). Features or functions that we have assessed either during or
after ozone insult include proliferation and colony-forming capacity, migration
ability, phagocytic ability, and plasma membrane receptors.
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TABLE 1. FEATURES USED IN IDENTIFICATION OF
' ALVEOLAR MACROPHAGES

Glass adherence

Abundant cytoplasm

Numerous surface membrane ruffles and pseudopodla
Numerous lysosomes which vary in density and size
Presence of C3b and Fc plasma membrane surface receptors

Phagocytic and pinocytotic activity

Oy Ul v WV~

MORPHOLOGIC EVIDENCE OF OZONE-INDUCED
ALVEOLAR MACROPHAGE ALTERATION

Studies of lungs after ozone insult have clearly demonstrated an increase in
numbers of macrophages within proximal alveoli of the centriacinar region of the
rat (Boorman et al., 1980), or within alveolar outpockets of respiratory bron-
chioles of the nonhuman primate lung (Eustis et al., 1978; Mellick et al., 1977).
Evaluation of tissues by light microscopy or scanning electron microscopy,
using nonquantitative approaches, demonstrated the presence of macrophage
infiltrates even after exposure to only 0.2 ppm ozone for seven days. Intra-
luminal macrophages contained frequent vacuolated phagolysosomes, membrane
ruffles, and filopodia. Occasional mitotic figures could be observed during early
phases (36-50 hours) of the ozone insult (Castleman et al., 1980).

Our approach to quantitation of the inflammatory infiltrate has been of two
types. Because of the focal nature of the ozone-induced lesion, we have not
used the conventional stereological approach described by Weibel (Weibel et
al., 1966; Weibel and Knight, 1964). The procedure that we have applied to
rat lungs is completed using scanning electron microscopy (SEM), either by
directly viewing the screen or from photomicrographs (Brummer et al., 1977),
in order to count the number of inflammatory cells per alveolus in centriacinar
regions. This procedure is best applied to species not having long, branching
respiratory bronchioles. Alveoli, defined as saccular outpockets of alveolar
ducts lined by only Type 1 or Type 2 alveolar epithelium, were counted distal
to the termination of the bronchiolar epithelium. Intact cellular structures
within these alveoli were counted as inflammatory cells. Figure 1 summarizes
the data collected from this type of evaluation procedure. This quantitative
approach indicated that the magnitude of inflammatory cell infiltration was
greater in rats exposed to 0.8 ppm ozone than those exposed to 0.2 ppm. The
lesion was most severe at seven days of exposure; it regressed in severity with
increased length of exposure but persisted at a level approximately 4-fold
greater than the control. Using this procedure, quantitative differences were
not demonstrated between the 0.5 ppm ozone-exposed group and the other two
exposure levels. :

In species with long branching respiratory bronchioles, the SEM approach is
more difficult; since to identify sites accurately for sampling a detailed dissection
of the airways is required. An alternative approach is to use H and E stained
7-micron thick paraffin sections (McQuillen et al., 1977).' The surface length
of the exposed airway surface starting at the terminal bronchiole can be measured
using various methods of image analysis (Zeiss, MOP-3). Within this known length
of airway the number of inflammatory cells can be counted, as well as differentiated
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Figure 1. Number of intraluminal inflammatory cells per alveolus were counted
in centriacinar regions of the rat lung after ozone exposure. A
minimum of five centriacinar regions was counted from each rat, and
there were three rats per exposure group. Six rats served as controls
at day 7, and 18 rats served as controls for the 90-day exposure.

as to cell type. This approach allows comparison between exposure groups on a
basis of inflammatory cells per millimeter of bronchiolar surface length (Figure

2).

This procedure completed on sections of monkey lungs also demonstrated that
the inflammatory cell infiltrate was most severe on day 7 of exposure and that it
regressed with time. The infiltrate on day 7, after exposure to 0.8 ppm ozone,
was approximately 20-fold greater than the control value. It was 1l-fold greater
in monkeys exposed to 0.5 ppm ozone for 7 days. Values at 90 days of exposure
for 0.8 or 0.5 ppm ozone were 10-fold and 9-fold, respectively, above controls.

As an index of morphologic change induced in macrophages by ozone insult,
we also attempted to measure cell spreading on glass coverslips. Free lung cells
collected by lavage were allowed to adhere in culture to glass coverslips for 3
hours. Nonadherent cells were removed by vigorous washing and discarded.
Cells from rats exposed to 0.8 ppm ozone for 3, 7, or 20 days were prepared in
this fashion, fixed, and prepared for SEM examination. Cells were randomly
selected during SEM examination and photographed at a standard magnification,
specimen tilt, and KV, The area enclosed by the perimeter of each cell was
measured, using photomicrographs and the Zeiss MOP-3 image analyzer. This
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Figure 2. The number of inflammatory cells per mm of surface distance was
determined in a group of bonnet monkeys exposed to 0.8 or 0.5 ppm
ozone for 7, 28, or 90 days. Using this procedure, a differential cell
count can also be completed to characterize the type of inflammatory
cell infiltrate.

approach demonstrated a significant (P < 0.001) increase in spreading of macro-
phages obtained from rats exposed to ozone for 3 days but not in macrophages
obtained from rats exposed for 7 or 20 days (Figure 3). The length of time in
culture after the initial adherence period influenced this observation, since
macrophages left in culture for 24 hours (plus 3 hours for adherence) after the
termination of exposure did not demonstrate a difference between control and
exposed cells in the degree of spreading.

FUNCTIONAL ALVEOLAR MACROPHAGE ALTERATIONS
INDUCED BY OZONE INSULT

The lung is one of few organs that lends itself to repeated direct sampling
with little harm to the host. Free lung cells can be easily collected by broncho-
alveolar lavage (Schwartz and Christman, 1979). Several procedures have been
described using either double-lumened ballooned catheters or fiberoptic broncho-
scopes. The lavage procedure has the advantage of being nonterminal and
repeatable during multiple phases of an experiment. Caution must be used in
selecting an anesthetic agent (Fisher et al., 1978), and the time interval between
lavage procedures should generally be no less than 14 to 20 days. Lavage is
also commonly used in terminal experiments.
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Figure 3. Scattergram of alveolar macrophage spreading index. Each circle
represents a relative in vitro measurement of the glass surface area
covered by the spreading cytoplasmic processes of a single macro-
phage. The population mean is indicated by the x. Macrophages
were collected by bronchoalveolar lavage after exposure of rats for
3, 7, or 20 days to 0.8 ppm ozone. The spreading index of exposed
cells is significantly increased above control cells after 3 days of =
exposure but not after 7 or 20 days. ' '

Both the acellular and cellular components of the lavage material can be of
value in assessment of pulmonary damage. Our focus has been on the cellular
component. Initial characterization must include determination of numbers of
cells collected, the types, and their viability. Selected purification procedures
may be desirable. Our observations relative to the effects of ozone have
focused on colony formation and proliferation potential of free lung cells,
mob111ty, phagocyt051s, and plasma membrane receptors.

COLONY FORMATION AND MACROPHAGE PROLIFERATION

The alveolar macrophage retains a potential for local prohferatmn and th1s
capability may contribute to the total accumulation of macrophages during pul-
monary insult (Boorman et al., 1979; Boorman et al., 1979). The formation of
colonies in a semisolid medium has been used as an index of progenitor cells
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which can serve as a local proliferation source. The precursor cells of these
colonies are thought to be common. hematopoietic progenitors for monocyte-
macrophages and granulocytes The" procedure for demonstratmg colony forming
units in culture (CFU-C's) i outlined in Figure 4. Boorman and co-workers
(1979) demonstrated that CFU-C's significantly increased above control values
during the first 48 hours of ozone exposure in rats, but declined to near normal
values after 7 days of exposure (Figure 5). This observation is 1mportant since
it indicates that during periods of greatest demand and pulmonary injury,
additional inflammatory cells may originate locally from progenitor cells. The
prolonged culture period (22 days) required to form cluster or colonies of cells
in semisolid media provides a serious disadvantage, and other methods are
available that allow quicker determination of cell proliferation capabilities. The
advantage of colony formation is the ability to differentiate cell types forming
within the colony, as both monocyte-macrophage or granulocyte colonies can be
identified. This differentiation has not been completed with ozone-éxposed

free lung cells, ,

500 x
Oxg 1.5% Methyl Cellulose
Collect Cell :
Pellet l
; CSF

* (Conditioned Media)

COLONY FORMING UNITS
IN CULTURE PROCEDURE - -
I.OXIO"’cells/ml

:Stom 8 Coun'r

: T &95% reluhve humldlty

22 days

1.0x10% cells

Figure 4. - The colony forming units in cdlture procedure involves collection of *
- cells from the lung, distribution of a known number of cells in methyl
++  celluloseand the addition of an approprlate colony stimulating '
R factor(s) (CSF). This procedure is described in detail by Boorman
and co-workers (Boorman et al., 1979; Boorman et al., 1979). '
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Figure 5. The colony forming capacity of free lung cells following ozone exposure
(percent of controls). The free lung cells from 41 control rats pro-
duced an average of 20 * 5 (mean * SEM) colonies per 1 x 10° cells
plated. Free lung cells from 14 exposed rats were cultured for each
day of exposure. A mean of 72 colonies per total lavage sample were
formed from the control lungs.

Cell proliferation has also been measured using 3H-thymidine incorporation
into newly formed nucleic acid (Figure 6). Free lung cells collected from rhesus
monkeys began to increase 3H-thymidine incorporation above a 24-hour baseline
value by 3 days in culture (Figure 7). Maximal values occurred at 5 days in
culture. Conditioned media, obtained from other rhesus monkey alveolar macro-
phage cultures as a potential source of colony stimulating factor, did not appear
to enhance 3H-thymidine incorporation above values obtained from cultures that
did not receive this conditioned media. Preliminary results using free lung cells
collected from rhesus monkeys continuously exposed to 0.8 ppm ozone for 1, 2,
or 3 days are illustrated in Figure 8. Control values are mean values obtained
from eleven unexposed rhesus monkeys.
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Figure 6. Incorporation of
*H-thymidine by free lung
cells after collection by
bronchoalveolar lavage pro-
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the proliferative potential
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injury.
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rhesus monkeys.
3H-thymidine remained relatively constant
until 72 to 96 hours in culture.
phage conditioned media (CSF) did not
significantly stimulate ®H-thymidine
incorporation, but did remove some of the
variability in the response.
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Figure 8. Preliminary results obtained from the exposure of rhesus monKeys to
24, 48, or 72 hours of 0.8 ppm ozone. Control values were obtained
from cells collected from nonexposed rhesus monkeys and placed in
culture for 3, 24, 48, 72, 96, 120, or 144 hours. Each time period
served as its own control. The difference in response at each expo-
.sure length most likely reflects the actively changing cell population
with different prohferatwe potent1als during this early phase of
lung damage. -

Results 1nd1cated that the prohferatlve rate of cells collected after 24 hours
of in vivo ozone exposure was markedly elevated above control values but that -
this rate rapidly returned to near control values and became suppressed with
increasing length in culture. Cells obtained from monkeys after 72 hours of
ozone insult initially had a slightly suppressed proliferative response but did
respond in a delayed fashion after 48 and 72 hours in culture. These results -
are preliminary and must be confirmed; however, they do suggest an effect on
macrophage population during pulmonary insult and evolution of the resulting
lesion.

MOBILITY

Mechanisms responsible for recruitment and accumulation of macrophages
within the lung must include local proliferation, .chemotaxis and migration inhibi~
tion. The latter two features center on the mobility of these inflammatory cells.
Several in vitro procedures are available to measure cell locomotion (Gallin and
Quie, 1978). The system that we have selected is the underagarose migration
assay described by Nelson and associates (Gallin and Quie, 1978). We have used
this system to assess changes in the influence of ozone insult on the random
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migration of alveolar macrophages (Schwartz and Christman, 1979). Alveolar
macrophages obtained from lungs of rhesus monkeys after they breathed ozone
for 7 days demonstrated decreases both in the number of cells randomly migrating
from wells cut in agarose plates and in the maximal distance of the leading front
of migrating cells. This observation is important in that it implies that ozone
exposure impairs alveolar macrophage migration that may be a direct cytotoxic
effect of ozone or secondary to the release of migration inhibitory mediators.

PHAGOCYTOSIS

Phagocytosis of infectious or noninfectious particulates is a critically impor-
tant function of the alveolar macrophage that directly relates to pulmonary defense.
A decreased ability of rabbit alveolar macrophages to phagocytize group C
Streptococcus sp. in vivo was observed by Coffin and co-workers (1968) after
exposure of rabbits to 0.6 to 9.5 ppm ozone for 3 hours. After exposure of
rabbits to 3.0 to 5.0 ppm ozone for 3 hours Huber and associates (1971) reported
morphologic changes which included fenestration of the plasma membrane,
dilatation of endoplasmic reticulum, and formation of autophagic vacuoles
indicating severe cell damage and death. Exposure to lower levels of ozone
(0.2 to 0.8 ppm) did not result in these severe morphologic changes, but of more
importance is the concept that as exposure length is increased the cell population
changes, and the pulmonary defense capabilities may also differ from those of
both the control population and the cell populatlon that was present during the
early phases of insult.

In a study to assess the phagocytic capability of the alveolar population during
longer-term exposures a group of rats were exposed to 0.8 ppm ozone for 3, 7,
or 20 days. Alveolar macrophages were collected by bronchoalveolar lavage,
allowed to adhere to glass coverslips, and incubated with carbon-coated latex
microspheres. The percentages of phagocytic cells were determined by light
microscopy after 0,25, 0.5, 1, 2, 4, 8, or 24 hours of incubation (Christman
and Schwartz, 1981). Results are summarized in Figure 9. An enhanced phago-
cytic activity was observed after ozone exposure, with the greatest increase
being on day 3 of exposure. This enhanced phagocytic activity correlated with
an increase in cell spreading (Figure 3). This observation was in contrast to
the impaired phagocytic function after only a few hours of exposure.
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Figure 9. The time course of phago-
cytosis by alveolar macrophages
demonstrated that alveolar macrophages
obtained from ozone exposed rats
phagocytized carbon-coated latex micro-
spheres more rapidly than control
macrophages. The bar~enclosed lines
represent standard deviations.
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PLASMA MEMBRANE RECEPTORS

Cell surface receptors such as Fc and C3bp enable the alveolar macrophage to
recognize certain particles selectively including bacteria, that have been opsonized
with immunoglobulins and/or complement. These receptors facilitate identification
and attachment of particulates by the alveolar macrophage. Fc and C3b receptors
~ are not located randomly on the plasma membrane, but are principally observed
on thin cellular membrane extensions. The process of particle attachment and
phagocytosis proceeds differently depending on the surface receptor involved
(Kaplan, 1977). Attachment to the Fc receptor involves formation of a cuplike
cytoplasmic extension around the particle, followed by endocytosis. Particles
bound to the Cj}, receptor appear to be directly endocytosed in the absence of
plasma membrane extensions. The C3b receptor mediates only attachment with
normal macrophages, but with activated macrophages this receptor also mediates

phagocytosis (Bianco et al., 1975).

We have assessed changes in alveolar macrophage Fc, C3p, and IgM receptors
during a prolonged ozone insult of bonnet monkeys (Macaca radiata). Monkeys
were exposed to 0.8 ppm ozone (8 hours/day) for 3, 7, 60, 90, 120, 180, 270,
or 360 days. Alveolar macrophages obtained by bronchoalveolar lavage were
cultured on glass coverslips in serum-free medium. Nonadherent cells were
washed off after one hour of culture, and suspensions of sheep erythrocytes
were added to the cultures, either uncoated or coated with rabbit anti-sheep
erythrocyte IgM or IgG or rabbit anti-sheep erythrocyte IgM plus Cs-deficient
AKR mouse serum. Attachment and/or phagocytosis of these erythrocyte complexes
by alveolar macrophages were determined by light microscopy. Results are
summarized in Figure 10. We observed that bonnet monkey alveolar macrophages
did not spontaneously rosette with sheep erythrocytes. No IgM receptor was
observed. Fc and Cj3p receptors were observed, and Csp mediated attachment
and phagocytosis was significantly increased at 3 and 7 days of exposure
(Figure 10A). A difference was not observed in alveolar macrophage Fc receptor
attachment or phagocytosis except for an increase at 120 days (Figure 10B).
These changes may serve as sensitive indicators of membrane damage or pertur-
bation during the early phase of ozone insult.

o0 Za C3 Attachment

W C3 Phagocytosis Figure 10A. Ozone-
0 s *:p:g.gf induced alterations in
o 5 wkrp<0.00! plasma membrane re-
O 60 ceptors of alveolar
4 _ lavage from bonnet
5 45 skk monkeys during expo-
— sure to 0.8 ppm
L 30 ozone. Cj3b membrane
CZ * receptors increased
& s sk significantly during

the early phase of
exposure, as did Csb
mediated phagocytosis.
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Figure 10B. Ozone-induced alterations in plasma membrane receptors of alveolar
macrophages were observed. Cells were collected by bronchoalveolar
lavage from bonnet monkeys during exposure to 0.8 ppm ozone.
Changes in Fc plasma membrane receptors were not as obvious,
suggesting selected alteration of cell surface receptors by ozone.

SUMMARY

It is clear that ozone insult produces both morphologic and functional changes
in the alveolar macrophage population. Quantitative approaches are crucial if
proper assessment of the magnitude, persistence, and irreversibility of pulmonary
disease induced by ambient levels of ozone insult are to be determined. Studies
completed in nonhuman primates have demonstrated a 4- to 5-fold increase in the
number of alveolar macrophages which persist within small airways for periods
up to three months during continual insult. Events leading to this increased
population of alveolar macrophages are poorly understood, but evidence indicates
that mobility and proliferative potential are significantly altered. Plasma membrane
receptors, phagocytic ability, and cell size all appear to be influenced. Addi-
tional studies will continue to unfold the mechanisms of ozone-induced pulmonary
damage, and the significance of this type of damage on the pulmonary defense
systems and lung structure.
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PAPER NO. 11

COLLAGEN AND MUCOPOLYSACCHARIDE SYNTHESES AFTER
ACUTE AND CHRONIC EXPOSURE TO OXIDANT GASES

Jerold A. Last, Ph.D.

California Primate Research Center
University of California
Davis, California

I bring what is probably an unusual lack of background and training to the
area of lung toxicology, being a born-again molecular biologist formally trained
in chemistry and biochemistry. That sort of through the back door entry into
a field encourages one to hold heterodox views. I'd like to present some data
today that suggest to me that some of our most cherished dogma, like the
Emperor's New Clothes, may exist only in the eye of the beholder. I'll come
back to this point at the end of my talk, and be a bit more specific then.

We have used the tracheal explant system, developed several years ago

in the laboratories of Dr. Lynn Reid (1970) and others (Boat et al., 1971;
Bonnanni et al., 1973; Yeager et al., 1971; Chakrin et al., 1972; Ellis and Stahl,
1973; Formijne et al., 1964), as a quantitative assay for monitoring effects of
air pollutants and other pneumotoxins on the respiratory epithelium. We use an
"in vivtro" approach, featuring exposure of animals (usually rats) in vivo to
known amounts of pneumotoxin, followed by removal of their tracheae for assay
of effects in vitro. With small animals such as rats, we routinely incubate the
tracheae in tissue culture medium containing radioactively labeled precursors.
The culture medium is then removed and an aliquot is treated with 5% trichlora-
cetic acid to precipitate the proteins present. With a suitable choice of labeled
precursor and incubation time for the rat tracheal explants, essentially all of
~ the acid-precipitable radioactivity in the medium is mucus glycoprotein (Jennings

et al., 1977; Last et al., 1977). What are the characteristics of such an assay?
The appearance of acid-precipitable glycoproteins in the culture medium can first
be observed after about three hours. The incorporation rate is linear between
about 8 hours of incubation and at least 96 hours. For routine assay purposes
“we generally incubate tracheal explants for about 24 hours. This is a convenient
duration of incubation in that enough radioactivity is incorporated to enable
accurate quantitation, and the incorporation is clearly linear with respect to
time, so that an actual rate of incorporation is being measured.

How can we apply this system to air pollution toxicology? Figure 1 illustrates
the results of an experiment in which rats were exposed to 0.8 parts per million
of ozone for eight hours per day for periods ranging from 1 to 90 days of
exposure, and their response was elevated by the tracheal explant assay. There
is an initial decrease in the rate of glycoprotein secretion by tracheal slices as
compared to the rate of secretion by slices prepared from matched control rats.
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This decrease lasts for two to three days, as evaluated by statistical significance;
the secretion rate once again returns to the control values after a period of about
five to ten days (in different experiments). If the rats are exposed to ozone

for periods longer than about a week, the secretion rate seems to increase "
continuously with longer durations of exposure, up to 90 days in Figure 1, and
up to 180 days of exposure in other experiments we have performed. The
hatched bar at 30 days shows the results of a separate exposure performed some
6 months after the one that had given rise to the rest of the data presented in

Figure 1.
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Figure 1. Glycoprotein secretion rates (expressed as percent of control value =
100%) of tracheal explants prepared from intact rats exposed for eight
hours per day to 0.8 ppm of ozone for the lengths of time indicated
on the abscissa. The hatched bar at 30 days represents results
from another experiment to indicate the reproducibility of the
results obtained by this technique.

151




- The tracheal explant system is sensitive not only to the duration of exposure
of rats to ozone, but also the concentratmn of ozone to which the rats are
exposed (Last et al., 1977). A stat1st1cally s1gn1f1cant decrease in secretion
rate is observed after exposure for three days to 0.8 parts per million of ozone
or to 0.6 parts per million of ozone for eight hours per day. An 1ns1gn1f1cant
decrease is observed at 0.4 parts per million and no effect is seen at 0.2 parts
per million. Comparlsons between matched controls and exper1mental rats
are very precise within a given experiment. In a single experiment the size
of tissue slices and the matching of rats can be controlled rigorously. A single
batch of medium can be used so there are minimal errors introduced by
pipetting and addition of labeled precursor to the medium. On the other hand,
comparisons between separate experiments are much more difficult. Small
differences in technique from day to day result in variations in the absolute
value for control rats such that data within a chronic exposure regimen must
usually be normalized to control values; hence, the expression of the data in
Figure 1 as percent of control. In addition, growth of the rats within a given
chronic exposure exper1ment is appreciable and can also affect these results,
as can also expression of viral disease and a host of other parameters we do not

fully understand.

The tracheal explant 'system can be used with animals other than rats. We
have demonstrated elsewhere (Jennings et al., 1977) that tracheal explants
from a wide variety of experimental animals, as well as human tracheal and/or
bronchial explants, can be‘used in this system. For example, we have used
this system for studying effects of exposure of monkeys to ozonef, finding
results that complement our studies with rats. For example, in preliminary
experiments using tracheal slices prepared from bonnet monkeys (Macaca
radiata) exposed to 0, 0.5, or 0.8 ppm of ozone for seven days, we found a
dose-dependence increase in mucus glycoprotein secretion rate for the slices
from exposed monkeys (Table 1).  Since these data are from multiple slices
from individual monkeys at each: exposure level, we clearly need to study more
animals before we can draw any. rigorous conclusions. . Nonetheless, we'think
we are seeing effects of relatively low 1evels of ozone on tracheobronchial mucus
glycoprotein secretion by nonhuman pr1mates, an effect that may be relevant
to human exposures.

TABLE 1. GLY'COPRO"]:“EINMS“ECRETION RATES (MEAN # 1 SD)
FOR TRACHEAL SLICGES FROM MONKEYS
EXPOSED TO OZONE FOR SEVEN DAYS

Controls . o 0.5 ppm COj - 08ppm03

12,400 £ 2,100 . Lo 16,700 * 3,800 : 21 900 6 400

Naturally, demonstration of quantitative changes in airway explant secretion
rates raises the question of whether qualitative changes are occurring concomi-
tantly. We have some preliminary evidence with rats that ozone exposure may
indeed cause shifts in the types of mucus glycoprotein being synthesized from
one category to another. Culture medium glycoproteins secreted by tracheal
explants from rats exposed for three days to 0.5 ppm of ozone were examined
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by ion-exchange chromatography on DEAE-cellulose. The elution profile for
labelled glycoproteins from pooled normal rat tracheae is. shown in Figure 2.
Peaks Al and A2 are neutral glycoproteins that apparently differ on the basis of
their oligosaccharide side chains (composition and/or length, data not shown).
Peaks BI-BIV are acidic glycoproteins, which apparently differ in their relative
degree of sulphation of sugar residues. Peak BII seems to contain most of the
sialic acid residues in the total acidic glycoprotein fraction, as based upon

its binding properties to lectin columns and its susceptibility to digestion with
bacterial neuraminidase. When similar columns are analyzed for preparations

of mucus glycoproteins from pooled culture media of tracheae from rats exposed
to ozone, the results presented in Table 2 are obtained. These data suggest
that the decreased tracheal glycoprotein secretion rate observed after exposure
of rats to 0.5 ppm of ozone for three days is caused by decreases in a specific
glycoprotein fraction BII, the sialoylated glycoprotein(s). The relative contents
of neutral and of heavily sulphated glycoproteins are increased in the culture
medium from exposed rats. I think these data may be giving us a clue as to

the cellular basis of upper airway effects elicited by exposure of rats to ozone,
but clearly we have a lot more work to do to understand exactly what these types
of data mean. It is fascinating that these changes are consistent with concurrent
histochemical observations of a shift to more acidic mucosubstances in tracheal
epithelial cells from rats in the same study (Moore, 1979).
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Figure 2. DEAE—cellulose chromatography of papaln solubilized mucus, glyco—
.. proteins secreted into the culture medium by rat tracheal explants
Arrows indicate: (1) 50 mM acetate buffer wash; (2) application of
gradient, and; (3) 2 M LiCl wash. Fraction volume was about 2.2 ml;
the radioactivity in a 1.0 ml aliquot was counted (solid line). The
LiCl concentration is shown by the broken line, as determmed by
conductivity measurements.
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TABLE 2. COMPARATIVE DEAE-CELLULOSE ANALYSES OF MUCUS
GLYCOPROTEINS SECRETED BY TRACHEAL EXPLANTS FROM
CONTROL AND OZONE-EXPOSED RATS

Peak Mean Percentage of Total Peak Radioactivity
Control Exposed

Al + A2 10.9 £ 0.4 13.8 + 0.8

B1I 12.9 £ 1.2 14.8 £ 1.2

B II 37.9+9.7 24.9 £ 6.5

B III 24.7*17.0 22.0 * 4.2

B IV 13.6 + 3.1 24.5+ 9.3

Ratio = 8.2%0.3 6.3+ 0.4

Mucus Glycoprotein 61,000 47,000

Secretion Rate¥*

* Counts per minute of acid-precipitable radioactivity per ml of culture
medium after tracheal slices were incubated for 24 hours.

Data are given as mean * SD for pooled media from 6-9 slices for each
experiment. N, the number of experiments analyzed, was six control
and six exposed.

We conclude from these chronic studies that increased mucus glycoprotein
secretion rates observed with rat tracheal explants persist for as long as six
months of continuous exposure. Comparison of quantitative results at 1 and 3
months provides no evidence for lessening of the effect; that is, there does not
seem to be a decreased response to ozone exposure occurring as evaluated by
this type of assay, which presumably reflects stable changes during exposure
to ozone among cell populations along the large airways.

We have also been studying collagen synthesis by lung parenchymal minces
cultured for a few hours in vitro, during which time the amount of collagen
synthesized is a linear function of time of incubation. This type of assay
presumably tells us what the rate of lung collagen synthesis was in vivo at the
moment the rat was killed. We actually have evidence that this is true in another
system, in which the in vitro rate of collagen synthesis by lung minces was
quantitated and shown to be the same as the in vivo rate, determined by injection
of labeled precursor several hours before killing the rats. We have used in vitro
methods first described by Crystal and colleagues (1974). When rats were exposed
to levels of ozone between 0.5 and 2.0 ppm continuously for one, two or three
weeks, the observed collagen synthesis rates by their lungs were increased. We
have shown (Last et al., 1979) that the increase observed in the collagen synthesis
rate by rat lungs upon ozone exposure is a linear function of the level of ozone




to which the rats are exposed after one, two, or three weeks of continuous expo-
sure. We have also shown that there is an excellent correlation between pulmonary
fibrosis as defined by lung collagen synthesis rates and the extent of fibrosis

as scored semi-quantitatively by histologic indices. Since the biochemically
defined fibrosis is a linear function of the concentration of ozone that the rats
breathe, we can linearly extrapolate from our data to determine "threshold

levels" of ozone that cause elevations in lung collagen synthesis rate after con-
tinuous exposure for 1-3 weeks; such linear extrapolations probably overestimate
"threshold levels", if indeed such "thresholds" exist at all. Interestingly enough,
we find the "threshold level" in these experiments to be less than about 0.10-0.13
ppm of ozone, approximately the former ambient air quality standard (0.08 ppm)
for this pollutant (the present standard is 0.12 ppm). In preliminary experi-
ments using cynomolgus monkeys, we have found them to be, if anything, more
sensitive than rats to ozone by these criteria. Obviously most humans are not
rats, nor do they breathe ozone continuously at these levels for weeks at a

time. The relationship of such "threshold" values obtained in experiments of

this type to the setting of air quality standards is a matter of judgement.

An obvious question that comes to mind from experiments of this type is what
relationship, if any, exists between data on elevations in lung collagen synthesis
rate and changes in lung collagen content, especially over a long-term exposure
regimen. We have attempted to answer this question by analyzing lung collagen
synthesis rates and total lung collagen content in rats chronically exposed to
0.5 ppm of ozone for up to six months (Last and Greenberg, 1979). Lung
collagen synthesis rates were elevated above control values at all times studied
(3, 30, 50, 90 and 180 days of continuous exposure). Lung collagen content -
(estimated as mg of hydroxyproline per lung) was significantly greater in the
exposed rats for up to 3 months of exposure. Thus, elevated lung collagen
synthesis rates seemed to be associated with elevated lung collagen content
in these rats. These changes could be correlated with mild centriacinar fibrosis
observed in other rats from the same study (Boorman et al., 1980).

We have also been able to show (Reiser and Last, In Press) that elevations
in lung collagen synthesis rate in rats exposed to high levels of ozone (1.5 ppm
for one week) are associated with a qualitative shift in the types of collagen
being made and deposited in their lungs. In rat lungs the normal ratio of collagen
types being synthesized is about 66% Type I collagen and 33% Type III. In the
rats exposed to high levels of ozone the ratio of collagen types being synthesized
is about 80-85% Type I and 15-20% Type III. It is certainly relevant to point
out that Type I collagen is stiffer and less compliant than Type III; it is also
what pathologists call collagen, as opposed to Type III collagen, which may be
what is called reticulin. Presumably such long-term structural changes are also
occurring in the lungs of our rats exposed to 0.5 ppm of ozone for several months,
although we have not as yet tested this possibility experimentally. Such an
experiment is currently being performed in monkeys exposed for one year to
0.8 ppm of ozone. I would again like to point out that the collagen synthesis
rates by lung minces from rats exposed to ozone for up to six months remain
elevated over control values; as evaluated by this parameter the rats do not
show a decreased response to continued ozone exposure. There are long-term
structural changes occurring in these lungs from chronically exposed rats that
make them different than "normal" lungs from control animals; whether these
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structural changes are considered to be good, bad, or neutral for these rats"
presumably depends moré on oné's philosophical beliefs than on any rlgorous
scientific comprehension of the relationship of such structural changes in the
lungs to thelr functlonal capac1ty ‘

Thus, at the risk of being mildly controversial, I'd like to ask whether there
is a scientific basis for the entire concept of "adaptation”. I'd further like to
suggest the analogy between’ "adaptatmn" and the fable of the Emperor s New
Clothes. Like the minions viewing the Emperor, each dlsc1p11ne seenis to see
different clothes on this August Being; however, each describes this varied
wardrobe with the same word! For example, "adaptation" to ozone according to
some physiologists means that exposure-induced bronchoconstriction in human
subjects at days one and two is more severe than at day four; perhaps this
experiment merely titrates the ability of cells to secrete histamine under repeated
stress? To some morpholog1sts, "adaptation" to ozone means that early cellular
changes in the lung decrease in extent or stay constant in the face of continuing
exposure; perhaps this experiment merely defines the ability of the test animals
to maintain an inflammatory influx of macrophages and/or leukocytes at sites
of injury. To some biochemists, "adaptation" to ozone means that 1ncreased |
levels of enzymes, cofactors, total proteins, and just about anything else that
can be quantitated in lung homogenates become decreased toward control values
in the face of continuing exposure; perhaps this experiment merely provides
biochemical footprints of the cellular (and acellular) components entering the
lung during the inflammatory response and its subsequent attenuatlon.

I thmk the data I have presented in this paper suggest that when we assay
for parameters related to lung structure rather than to lung inflammation, we do"
not observe any "adaptation" occurrmg with continued insult for several months
of exposure. Perhaps the time is ripe to either redefine "adaptation" to allow 1ts ‘
use only as being legitimate for one discipline (all others to select synonyms,
perhaps?), or to question whether the concept still has heuristic value or
biological significance. To return for the last time to our sartorially resplendent
Emperor, perhaps the next generation of experiments on potential health effects
of exposure to oxidant air pollutants could profit from attempts to correlate
studies not of "adaptation" without rigorous definition of the term, but rather
to attempt to define the basis of lung pathophysiology in terms of well described
shirts (morphology), trousers (b1ochemlstry) hats (physiology), and shoes
(m1crob1ology) )
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OPEN FORUM

DR. CROCKER (University of California, Irvine): The panel at this point
will initiate the Open Forum. I would like to introduce a panel member from
Battelle Northwest who is joining us for the Forum and who has some additional
material to deliver as original and separate information. This is Dr. Paul
Mihalko, who has been with Battelle Northwest for the last year, having completed
his graduate training just prior to that. He has been developing pulmonary
function analyses at Batelle Northwest. It would be timely to have him present
his information at this moment. Dr. Mihalko will discuss the exposure of rats
to cigarette smoke over a long-term period.

DR. MILHALKO (Batelle Northwest Laboratories): Thank you, Dr. Crocker.
The complete report of the study I shall present is available from Enviro Control,
Incorporated. The report number is SHP75121 and it was completed in 1979.
Essentially, it was a two-year study in which Fischer 344 rats were caused to
inhale cigarette smoke from three different types of cigarettes which had combi-
nations of high tar and low nicotine, high tar and high nicotine, and low tar with
low nicotine. Without presenting another series of slides this afternoon, of
which we've had enough, there were just a few observations from this study that
were particularly interesting with respect to the data reported earlier today.

We observed some changes in basic respiratory variables that can be correlated
with some of the previously presented information. It seems as if there is a
speeding up of the aging process. Tidal volume increased in the smoking rats

as compared to sham controls during the exposure although the sham controls
caught up with the smoke exposure animals after approximately eight more months
of exposure. We interpret that finding as an accentuation of a particular process
for which we do not have the data to further evaluate. In any case, I thought

it was particularly interesting, in light of a lot of the biochemical, morphologic,
and other studies presented today that we did notice those trends.

DR. CROCKER: This will be the time for anyone from the audience to ask
questions of members of the panel or for members of the panel to exchange
questions among themselves,

DR. TORKELSON (Dow Chemical Company): Dr. Jackson, you presented
a slide with a curve that had resistance plotted on the vertical axis and frequency
on the horizontal that I couldn't understand. I can understand increase of
resistance with increased frequency of breathing, but was that frequency value
breathing rate or frequency on the oscillating speaker? .

DR. JACKSON (University of California, Davis): That was the frequency on
the oscillating speaker. These measurements are all done under forced oscillatory
conditions. In the rat study, the rats were allowed to breathe against the closed
chamber and the chamber was large compared to their tidal volumes so there

wasn't much breathing pressure.

DR. COHEN (Aerospace Corporation): Dr. Jackson, I would like to know
what made you choose the frequency region around 100 cycles for your probe. I
don't really know how acoustic energy is transferred from large tubes to small
tubes, but I would imagine that it's going to be very non-linear, especially as
the wavelength approaches the diameter of the various orifices. Why did you
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choose that frequéncy region? Did you expect a linear or non-linear fesponse
as you changed the frequency from the kilocycle to megacycle range?

DR. JACKSON (University of California, Davis): There are two regions of .
frequencies that you can work in. One is the region where you can assume that
the system behaves like a system of lumped parameters. This will be in a fre-
quency region where the wavelength of the excitatory signal is long compared
with the dimensions of the airways. In a human, taking mean airway path length
of something like 40 centimeters and assuming that waves propagate at the speed
of sound in free air, you can use a lumped parameter type analysis up to about
200 hertz. In the rat, where the dimensions of the airways are much smaller,
you can go to a much higher frequency still using the lumped parameter system
to explain your results. If you're working in that domain, or in the low frequency
domain, what you would like to do is use frequencies well below or well above
the resonant frequency. This gives you the best estimation of compliance and
inertness. By trial and error, I was able to find the resonant frequency of a
rat, which is around 42 hertz. I went down in frequency, started at 20 hertz

‘and tried to go up to 128 hertz but I rarely get good information at a frequency
that high.

DR. COHEN: In other words, you're finding that resonance is the length
of the column.

DR. JACKSON: No, we're still working in an area where the system is a
lumped parameter system. So dimensions of the lung are meaningless. We don't
have to take dimensions into account, so we do not have resonance as a standing
wave that is in the airways. We have what is generally termed a Helmholtz
resonator where you can lump all of the inertness of the gas into one inert element
and all of the compliance elements into a single compliance factor.

DR. COHEN: Thank you.

DR. CROCKER (University of California, Irvine): As you found some effects
in animals exposed for three days, you concluded that there could no longer be
the assumption of a unit inertness or a unit compliance. Was this because you
supposed there to be now a new morphologic character to the air column?

DR. JACKSON (University of California, Davis): Basically there are two
models we could investigate and that have been proposed in the literature. One
was proposed in 1965 by Jerry Mead, who claimed that if peripheral airway
resistance was high enough we would have another pathway by which flow can
be shunted from going into the lung by expanding the airway wall itself. You
would then set up vibrations in the airway wall. This model has been used
extensively for dogs and humans and in using this model, Mead was able to
separate upper and lower airway resistance components. This might be the
appropriate model to use on these rats. There is some justification for using this
model in that we would expect peripheral airway resistance to be elevated. The
other model that we could investigate would be one where you have parallel
branches within the airways so that we could lump all of the normal airways into
one branch that has one RLC component and all abnormal airways into a second
branch where it has a separate and different RLC component. This model, as
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well, would mimic the kind of experimental data that we have. I don't know
yet which one is the best. ‘

DR. MACH (The Aerospace Corporation): A question was asked earlier
about the effects of acute high-level exposure to oxidizers, and particularly NO,,
and the answer given stated there was no real lasting effect of this. However,
in the last three papers I heard this afternoon it seems that there were lasting
effects. In fact, the effects of these acute exposures seem to increase with
time. The investigators saw an effect on lavage fluid and they saw effects in
the SEM pictures. Is there or isn't there an effect?

DR. LAST (University of California, Davis): I think the earlier question was
asked about a single exposure to a high atmospheric NO, concentration level and
I think all of the data presented in those last three papers were related to
continuing exposure to oxidants.

DR. MACH: It's true that the later exposures weren't single pulse exposures,
but even after those high level two to four week exposure periods were over,
there were continuing effects on the lungs. Would not one high-level exposure
also cause these effects? Is there that much difference between these kinds of

exposures?

DR. LAST: 1 think we're in one of those grey areas where when you look
with different techniques, you have the potential to see different things. The
exposure of a human to a high concentration of NO, obviously has constraints
on what can be measured. Most of the pulmonary function testing that might
be done on a healthy human wouldn't reach the kinds of changes I look at. .'I‘hey
probably wouldn't show the kinds of changes that Dr. Schwartz finds and
certamly would not measure the sophlstlcated kinds of changes that Dr. Jackson

is looking at.

DR. FREEMAN (SRI International): I was responsible for the answer to
that earlier question and I think the reason has been expressed already. You
have to state precisely how high an exposure level, what species are used, how
long an exposure period, and what toxic mater1al you 're talking about. ‘

DR. MASTROMATTEO (Inco, Incorporated): I'd like to follow up on that
question and ask whether some of the biochemical parameters that we used in
experimental animals could be used in clinical medicine? Could we not use cyto-
logic method on sputum and bronchial washings in cases that have acute single
exposures and follow them through the recovery phase? .

DR. HENDERSON (Inhalation Toxicology Research Institute): . I think segmen-
tal bronchial washings are already used in humans to determine neoplastic changes
and to look for cytologic changes. Dr. Kilstra at Duke has done lavages in
people for therapeutic measures. I think there is a potential for using segmental
bronchial washings in humans. We developed the method as a screening' exchange
in experimental animals. You wouldn't want to do a total lung lavage in a human
to see if they had been damaged by acute exposure, but there might be cases
where segmental washmgs would be pertment
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DR. CAVENDER (ToxiGenics, Inc.): Dr. Last, there is some indication that
in the lavage fluid the divalent cations used are very important as to what you
get in terms of cell numbers and perhaps even distribution of cells., The question
you raised about adaptation is of particular interest. I wonder if you might
speculate on the fact that your Type I collagen versus your Type III collagen
changes with adaptation. Is that change in the right direction that would be
predictive of emphysemic changes in the terms of losses of alveolar septa? How
do you look at some of these changes that seem to be passive or that seem to
disappear such as increased mucin production? Could these not be defense mech-
anisms that may disappear with time and therefore the adaptive process disappears?
Is it possible that what you measured was not a true toxic response in any sense?

DR. LAST (University of California, Davis): The exposure in the experiments
I presented was to ozone so the chronic disease associated with it would be fibrosis
and the changes in collagen types we're finding are consistent with what is
thought currently to be associated with pulmonary fibrosis, that is, a shift to
more Type I collagen. We have not looked at this shift in an emphysematous
model. We are planning some studies with NO,. Dr. Freeman has shown that
NO, causes fibrotic as well as emphysematous changes so there may well be
ambiguity there. I deliberately raised the point about adaptation in my talk
because the concept of adaptation sort of transcends science to philosophy.
What we're doing is putting a value judgement on changes that are being measured.
I am perfectly comfortable with either adapative changes that are taking place
or, conversely, changes that have no value or are negative to the organisms that
are transient. One of the common things that occurs with exposure to all of
the noxious agents is pulmonary edema, with or without an intra or interstitial
cellular inflammatory response. I think we can explain all of these changes as
being related to the edema and/or the inflammation. Certainly, for example,
changes in sialic acid content in a lavage report can equally be interpreted as
being from membrane fragments because many of the glyco-proteins of the cell
membrane contain sialic acid as does mucin. I think we fall into the trap of
saying, "If I were Mother Nature designing the system to protect itself, what
would I do?". We really don't understand the meaning of the changes but we
tend to interpret them as being good based on the human physiology. I don't
know that we really can separate cause and effect yet based on biochemical
measurements.

DR. FREEMAN (SRI International): We recently received some data on our
rats from Jerry Sayer at the University of Tennessee. In rats continuously
exposed to NO, at 15 ppm for one year, there was about a 20% elevation in
total collagen and a reduction in Type III of about 14%. o

LT. COL. MELLICK (Letterman Army Institute of Research): 'I have a question
that might be addressed by three of the panelists, Dr. Henderson, Dr. Schwartz,
and Dr. Last. Both Dr. Henderson and Dr. Schwartz indicated that they had
difficulty in recovering cellular elements by lavage from animals after several
weeks in exposure. Dr. Last indicated that at approximately the same time in
the exposure there were changes in the characteristics of the glycoprotem
secretion. It seems that heavily sulfated glycoproteins are more viscous. Do you-
think this might be because these cells are trapped there by the mucus secretion?
In Dr. Schwartz's micrographs, it appears that cells are still present but he's '
not able to recover them.
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DR. LAST (University of California, Davis): I think it's really specula-
tive. There are probably a number of reasons you could use to explain why
you don't get the cells out. One possibility is that the airways are more
sensitive and the lavage fluid doesn't go in and out as easily after prolonged
exposure to irritants. Thus, airway sensitivity may be one possibility.
Another possibility is that fibrin may be trapping the cells and there may be
changes in cell secretion. There's probably a variety of reasons that may
help explain why you don't get as many cells in lavage samples from the
chronically exposed lung.

LT. COL. MELLICK: Since this technique has some promise to help in
evaluating animal response without killing them, is it worthwhile to explore the
possibility of injection of another substance with the lavage in order to increase

the cellular yield?

DR. LAST: I really don't know. You could try it, but then you're faced
with the difficulty of how long to leave this material in the lung before with-
drawing it. If you were to use something like trypsin to try to get different
things out, I think you'd probably be introducing more wvariables than you'd
want., It's a problem you have to live with.

DR. HENDERSON (Inhalation Toxicology Research Institute): In our
assay, when I had difficulty in getting cells out, if you looked at the morph-
ology, it wasn't surprising that we weren't washing out many cells because
it was obvious that many of the airways were blocked. In that instance,
you are beyond the stage where lavage should be used. Usually by the time
the animal has that much lung injury, it's panting and you don't have to
lavage it. I see lavage as useful at a lower level of injury where you don't
have obliteration of airways and I would recommend it for that area of
screening rather than looking at severely injured animals.

DR. LOCK (Oak Ridge National Laboratory) I'd like to ask Dr. Schwartz
two questions. First, you showed a slide in which you had alveolar macrophages
and carbon coated latex spheres associated with those macrophages. Have you
any method for determining whether those particles are actually within the
macrophages being engulfed by the macrophages, or just sitting on top having
no direct relationship to those cells? Second, have you ever done any work
with the bacteriocidal activity of alveolar macrophages following exposure to
ozone?

DR. SCHWARTZ (University of California, Davis): In response to your
second question, we have looked at bacteriocidal activities in a variety of
different animal species, but we have not specifically focused on in vitro
bacterial killing after ozone exposure. Dr. Goldstein, a member of our
group, has worked with the infectivity model in bacteriocidal activity in vivo,
and there are indications that bacteriocidal activity is suppressed in that
situation. The first question was about phagocytosis. There are methods
available in which you allow the phagocytosis assay to go to completion and
then dissolve the latex beads using a solvent such as xylene which leaves an
empty vacuole inside the cell. In that situation, you know that the latex bead
was inside the cell because there is now a vacuole in the cytoplasm. We have
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not really concerned ourselves whether the particle was attached to the surface
or was inside, because in my opinion attachment is actually the first phase

of phagocytosis. If you look at the slides critically you can tell if the cyto-
plasmic membrane is around the latex particles because the particles don't
look as distinct. The outside portion of the carbon is not a discrete line if
it's actually been endocytosed. That's a different procedure that takes a lot
of effort so we don't concern ourselves with whether it's attached or endo-
cytosed because those that are attached will undoubtedly be endocytosed
within a matter of minutes after contact with the particle anyway. But if you
want to look at the mechanisms of phagocytosis, there are procedures for
demonstrating the location of the particle and the xylene dissolving technique
is one.

DR. DALBEY (Oak Ridge National Laboratory): I have a question for
Dr. O'Neil. In your carbon monoxide diffusing capacity measurements, over
what time period do you perform your measurements? What is the time
dependency of the actual number you get? ,

DR. O'NEIL (U. S. Environmental Protection Agency): We use a ten
second period of breath holding when we make that measurement. The cal-
culated diffusing capacity is time dependent but I can't tell you how time
dependent it is. The argument we have used when we study animals that
have a disease such as emphysema as compared to control animals is that
we're very careful to do the measurements with the same period of forced
breath holding. A person can reproduce that breath holding technique to
within a quarter of a second on a ten second period.

DR. DALBEY: Are you using GC analysis, Dr. O'Neil?

DR. O'NEIL: Yes, we analyze the alveolar sample gas on a GC. We're
using 0.5% neon and 0.5% carbon monoxide for diffusing capacity measurements.
That was published in the July 1980 issue of the Journal of Applied Physiology
under the name of Takazawa.

MR. MOORMAN (National Institute for Occupational Safety and Health):
I guss I'll direct mine to Dr. O'Neil also while he's busy there. |

DR. O'NEIL (U. S. Environmental Protection Agency): Al my friends
are here. - :

MR. MOORMAN: I noticed that there has been tremendous effort
expended in the development of research methods for use with rats. I also
see a number of problems and I'm wondering whether people are pursuing the
rat because of the economic reasons or because they feel it's a sensitive
model for extrapolation with regard to human health. I noticed in the data
you presented that you demonstrated a reduced total lung capacity in the
rat. oL

DR. O'NEIL: You're correct. I included thét data on oxygAen because

the interest was in emphysema as a model in studies of oxidant gases and
presume that oxygen would be considered an oxidant gas.
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MR. MOORMAN: How do you feel about the rat model? Should we be
looking for better models from the comparative physiologists?

DR. O'NEIL: Yes, of course.
MR. MOORMAN: Are there any better models?

DR. O'NEIL: I think one does need to look for better models. I think
the reasons for using the rat in studies of pulmonary irritants are several
fold, not the least of which is the fact that they are much less expensive
to use than sub-human primates. The tests are clearly easier to perform on
larger animals. You don't need to go through all the concerns and worries
about frequency response and miniaturizing equipment. So from the point of
view of toxicity testing, I think that small animals are attractive because you
can expose larger numbers and often obtain more data to increase the
confidence of results. I think the reason there's been so much interest in
performing pulmonary function tests in small animals is broader than that.

I think there is a great deal of interest for comparative physiology purposes,
for understanding how small animals respond as compared to larger animals,
and, certainly, the area of extrapolation to humans is of vital interest to
EPA researchers who are exposing small animals to environmental pollutants.
If you're going to say that an effect is actually occurring in larger animals,
you have to get good reproducible values on small animals. One of the slides
I showed you was of our measurement of the diffusing capacity in a series

of small animals that varied over a body mass range of about 40 to 3000
grams which included hamsters, rats, guinea pigs and rabbits. That plotted
data provided a beautiful straight line with a correlation coefficient of about
0.98. There is a very high correlation between body mass and the measure-
ment of the diffusing capacity that should extrapolate on up through larger
animals, including humans.

DR. MIHALKO (Battelle Northwest Laboratories): A lot of problems in
animal models have been overcome recently in the miniaturization of diagnostic
techniques currently used in human pulmonary function evaluation. In one of
our recent studies, as yet unpublished, we treated 60 Sprague-Dawley rats
with 50 units of porcine elastase per hundred grams of body weight in
saline and compared them with saline treated control rats. The results were
remarkably consistent with the findings of pulmonary function changes in
documented human pulmonary emphysema. I'll make that data available to
you or anyone else. The volume parameters seem to be very expressive of
those changes. ‘ ' ‘ ' '

DR. CAVENDER (ToxiGenics, Incorporated): 1I'd like to ask Dr. Last
one additional question. I'm very much interested in the followup to the data
already presented. In particular, I was involved in an aluminum chlorohy-
drate study some years back and at a six month sacrifice of animals exposed:
to aerosol concentrations of 25 milligrams per cubic meter, the lungs were
enormous. They were filled with aluminum chlorohydrate. The lymph nodes
were engorged with macrophages that had engulfed the particulate material
and I thought at the two year mark, this effect would be even greater. The
effect was not nearly as striking at two years as it was at six months. Would:"
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you comment on what sort of changes might take place that would lead to
this type of result? In this case the granuloma did persist which may have
affected the results.

DR. LAST (University of California, Davis): That's a problem area of
considerable concern. There are not many animal models of long-term
chronic response. We've done experiments in collaboration with Hans Peter
Witschi at Oak Ridge National Laboratory who has a model of exposure to
butylated hydroxytoluene and oxygen where the collagen persist out to six
months and then somewhere between six months and one year, they revert
back to histologic and apparent biochemical normalcy. The only material we
have looked at in which the effect continues to progress across the time -
frame we're looking at is intratracheally instilled crystalline silica. I think
that some sort of cellular memory, whatever that means in terms of lung
insult, is required for these changes not to reverse. 1 think, from my
reading of the literature and first hand experience, that silica may be unique
in being ingested, released and continually cycled without really leaving the
lung, thus continuing to be a primary insult. In the case of the aluminum
chlorohydrate, -the relationship between granuloma and fibrosis is, in human
clinical medicine, kind of tricky. We're talking about a compound that is to
some extent soluble and may ultimately be cleared from the lung.

DR. CAVENDER: I'd like to add that what you're possibly seeing from
a pathologist's standpoint is that some of the body defense systems are
successful in some instances and with aluminum chlorohydrate it may well
be that the macrophage population is slowly increased and is successful in
scavenging the particulates'that are there. Increased numbers of phagocytes
may have been successul in isolating and locating the particulate material
which may cause the lesion to remain at status quo with no further increase
in magnitude.

DR. CROCKER (University of California, Irvine): I'd like to ask a
question that relates to that same point. Dr. Henderson noted that there was
a continuation of protease activity in the tissue of the lung 8 to 10 months
after the cessation of a two month exposure and in the report of Hyde,
Orthoefer, Dungworth, Tyler, Carter and Lum on morphometric and morpho-
logic evaluation of pulmonary lesions in beagle dogs there appeared to be a
delayed chronic response of emphysematous-like disease. Between the ending
of an exposure and the findings taken at that time and two years later in the
case of the beagle dog and in the case of the rats described by Dr. Henderson,
an 8-10 month period where in the absence of any further exposure there
appears to have been continuation of the pulmonary response. What is the
basis for this? This doesn't appear to be a case where there are residual
particles trapped in the lung, for example.

DR. LAST (University of California, Davis): I think a good individual
to answer that would be one of the authors of the paper who is present.

DR. DUNGWORTH (University of California, Davis): The answer is that
we do not know what causes the response to continue. There are a number of
these continuing processes that are documented. Another is the elastase
emphysema model in which there are immediate changes in elastin within the
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first week or two after the admission of the porcine elastase but, there is also
a continuing remodeling of the elastic fibers for some time after. Another
group has also reported a continuing change in the bronchiole epithelium using
the elastase model. In the study you mentioned we just don't know why those
changes occurred. One of the features of the damage was a micro-nodular
proliferation of Clara cells which persisted in spite of the absence of the
irritant which had produced them in the first instance. Presumably, these
cell populations once they're triggered to a certain stage of persistent hyper-
plasia, have a continuation of that same hyperplasia in the daughter cells.

In other words, it's almost as though there is genetic damage. If that seems
to be too unlikely, given the nature of the stimulus, then maybe like many
organs the lung reaches a stage wherein the damage is self-perpetuating

and in some instances progressive, such as occurs in the liver. There may
be sufficient damage to the epithelium of the small airways that clearance

is affected and there is not the same protection against the constant onslaught
of inhaled particles as would normally occur and in these damaged lungs it
may be sufficient to cause a slight progressive lesion. These are speculative
thoughts but there are obvious prolonged or delayed responses in these
several models. ‘
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INTRODUCTION

Toxicity studies were conducted to determine acute inhalation effects from
single exposures to two types of diesel fuel smokes and/or exhaust generated
by an M60A1 tank. These tests were conducted in support of the Vehicle
Engine Exhaust Smoke System (VEESS) experimental program and the purpose
for selected experimental procedures was to produce exposure conditions that
are similar to those encountered in simulated tactical exercises by unmasked
personnel. The reason for using the M60A1l tank to generate the smoke and/or
exhaust was because no other method of dissemination was available to furnish
comparable atmospheres of the combination of the engine exhaust products
and oil smoke produced by volatilization/condensation in and on the engine
manifold.

The fuels used in these tests were Diesel Fuel #2 (DF2) and #1 (DF1) which
are used in the VEESS systems as Summer and Winter grade fuels, respectively.
The attempted concentrations of generated smokes for both DF2 and DF1 were
35 mg/L (35,000 mg/M3) which are shown in Figure 1 to be the theoretical peak
smoke concentration predicted for exposure of personnel standing up to 10
meters downwind from the tank, operating at maximal smoke generating efficiency
under strong inversion and low wind speed atmospheric conditions. Since dissemi-
nation of M60A1l tank generated smoke also involves normal exhaust emissions from
internal engine combustion, the concentration of this component was also moni-
tored and evaluated for toxicologic effects: Total hydrocarbon concentration of
the exhaust for either type of fuel was found to be 0.4 - 0.6% of the smoke
concentrations.

In general, the toxicity studies were performed by exposing 2-3 species of
animals to M60A1 tank generated DF2 and DF1 smoke and/or vapor in a 20,000
liter chamber under static air flow conditions. Exposure periods ranged from
15-300 minutes. Toxicologic, physiologic, hematologic, blood chemical and
pathologic assessments were made over a 14 day post-exposure period.
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Figure 1. The optimal diesel fuel smoke generation capacity of a Vehicle Engine
Exhaust Smoke System (VEESS) operating under inverse atmospheric

conditions¥*.

EXPERIMENTAL PROCEDURES

M60A1 TANK DF2 AND DF1 SMOXE AND/OR EXHAUST GENERATION

Tank generation and dissemination of the diesel fuel smokes and/or exhausts
consisted of accelerating the 750 HP Chrysler engine up to 1700 rpm's for
approximately 5 minutes. During this acceleration period the tank was kept in
a stationary position with no load on the engine. When the engine manifold
temperature reached 1180°F the selected fuel was expelled into it through a
stainless steel orifice at a rate of 1,720 L/min.

The generated smoke/exhaust was then drawn through a six inch flexible
stainless steel tube attached to the tank manifold into a wind tunnel operating
at 3 miles per hour. After a generation period of 5 minutes, the smoke/exhaust
was shunted into a 20,000 liter cylindrical exposure chamber by means of a
series of gate valves. The smoke/exhaust was generated into the exposure
chamber for 50 seconds at an air flow rate of 4,000 liters per minute to attain
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target concentrations. The chamber was then sealed and the cloud trapped in
the exposure section. The dilution ratio of the smoke/exhaust to air was 1-3,
Caged animals were placed in the chamber prior to the introduction of the smoke.
At the end of the designated exposure period, chamber valves were opened and
the smoke/exhaust evacuated over a 10 minute period. This procedure was
followed for 15-minute and 60-minute exposures. For exposures exceeding 60
minutes, the total procedure was repeated in 60-minute increments because the
smoke/exhaust concentration over a single l-hour exposure was found to degrade
as much as 65%. The same procedure was followed for the exhaust alone exposure
omitting expulsion of fuel into the hot engine manifold.

During a 60-minute exposure, ambient and chamber temperatures and relative
humidity were measured with a Honeywell Instrument Company analyzer Model
#WB09A, before and at 1, 5, 10, 20, 30, 40, 50 and 60 minutes after smoke
and/or exhaust entry into the chamber.

Total hydrocarbon content, carbon monoxide, and carbon dioxide concen-
trations were measured at the same intervals as temperature and relative
humidity as compared to 0, 10, and 60 minutes for determination of oxygen
content. If the exposures exceeded 60 minutes, the same time intervals for
measuring the above parameters were followed. In the case of 15-minute expo-
sures, similar readings were taken excepting the final reading was recorded
at 15 minutes.

Total hydrocarbon content and carbon dioxide were measured on a Horiba-LTD
infra red analyzer MEXA-200. Carbon monoxide was measured with a Beckman
- Model #215B analyzer. Chamber oxygen content was obtained by measuring
aliquots from grab samples on a Beckman analyzer Model E2.

Several single measurements for sulfur dioxide, nitrogen dioxide, and ethylene
oxide were taken throughout the experiments with either fuel to determine the
chamber concentration of these gases in smoke and/or exhaust. These measure-
ments were made with Draeger tubes, usually 10 minutes after smoke and/or
exhaust entry.

For DF2 and DF1 smoke/exhaust, chamber samples were drawn through a
350 ml glass cylinder "grab sampler" at a flow rate of 5 liters per minute for
1 minute, then trapped using pet cocks at the intake and exhaust ports of the
cylinder. Collection times were at 10, 30, and 59 minutes each 60-minute expo-
sure segment. For 15-minute exposures, collection times were at 9 and 14
minutes. The glass cylinders were then immersed in an isopropyl alcohol/dry
ice bath at -70°C for 30 minutes. Ten milliters of hexane was next added to the
cylinders and shaken vigorously, then 1-5 microliter aliquots extracted for gas
chromatographic analysis. Analyses were performed using a Hewlett-Packard
Gas Chromatograph Model 5830A with a glass column containing 10% OV-1
Chromosorb W, Mesh 80-100. Column temperatures were programmed from 110°
~ to 260° C. A Hewlett-Packard Model #18850A terminal was used. Standard
solutions of diesel stock aliquots in the same concentration ranges were
simultaneously analyzed for baselines.
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For chamber sampling of DF2 exhaust total hydrocarbon content, a modified
Mine Safety Appliance Company Electrostatic Precipitator (Model no. series F)
was used. Sampling rate was 1 liter per minute for 10 minutes and samples

were taken at 1, 20, and 50 minutes for each exposure hour.

For 15 minute

exposures, DF2 exhaust samples were taken from 5-15 minutes.

With DF1 exhaust, both aerosol and vapor were disseminated so the aerosol
was collected with a precipitator and the vapor trapped in a Spherocarb

(activated charcoal) collection tube in tandem with the precipitator.

Sampling

rate was 5 L/min for 5 minutes and samples were taken at 5, 30, and 55 minutes

for each exposure hour.

from 1-6 minutes and 10-15 minutes.

For 15 minute exposures, DF1 samples were taken

DF2 and DF1 exhaust hydrocarbon aerosol was extracted from the precipi-~
DF1 exhaust vapor was extracted from the
Spherocarb tubes with 10 ml of hexane and comprised 25% of the total hydrocarbon

tators with 15 ml of hexane.

collected.

A detailed description of the methods for analyzing DF2 and DF1 smoke
and/or exhaust hydrocarbon particles and vapor are shown in Tables 1 and 2.

TABLE 1.

CHEMICAL PROCEDURE FOR DETERMINING THE

TOTAL HYDROCARBON CONTENT OF M60A1 TANK GENERATED DF2

METHOD
1. ATTEMPTED AIRBORNE
CONCENTRATION (Ma/L)

" 2. SAMPLER

3. SAMPLE COLLECTION TIME (SEC)

4. AIR TO HYDROCARBON
MIXTURE DILUTION

5. SAMPLE COLLECTION FLOW
RATE (L/Min.)

6. SAMPLING TIME (MIN)
7. SAMPLING PERIODS (MIN)

8. CHEMICAL ANALYSIS

SMOKE AND/OR EXHAUST

SMOKE / EXHAUST

35
350ML GRAB SAMPLER

50
3:1

5
1

15 (9-10, 14-15)
60 {10-11, 30-31, 59-60)

BATHE GRAB SAMPLER IN ISOPROPYL
ALCOHOL/DRY ICE BATH FOR 30 MIN
AT —70°C. ADD 10ML OF HEXANE.
ANALYZE (1-6 ul) ALIQUOTS ON
HEWLETT PACKARD GC MODEL No.
5830A GLASS COLUMN- 10% OV-1
CHROMOSORB W, MESH 80-100. USE
HEWLETT PACKARD GC TERMINAL
NO. 18850A
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EXHAUST

0.2

MINE SAFETY APPLIANCE CO.,
ELECTROSTATIC PRECIPITATOR
(MODEL NO. SERIES F).

50

3:1

1
10

15 (5-15)
60 (1-11, 20-30, 50-60)

WASH PRECIPITATOR CANISTER
CONTENTS WITH 15ML OF HEXANE,
ANALYZE (1-5 ul) ALIQUOTS

AS DESCRIBED FOR SMOKE/EXHAUST
MIXTURES




TABLE 2.

CHEMICAL PROCEDURE FOR DETERMINING THE

TOTAL HYDROCARBON CONTENT OF M60A1 TANK GENERATED DF1

6.
7.

METHOD

ATTEMPTED AIRBORNE
CONCENTRATION {Mag/L)

MPLE

SAMPLE COLLECTION TIME (SEC)

AIR_TO HYDROCARBON
MIXTURE DILUTION

SAMPLE COLLECTION FLOW
RATE {L/Min)

SAMPLING TIME (MIN)
SAMPLING PERIODS {MIN)

CHEMICAL ANALYSIS

SMOKE / EXHAUST

35
350 ML GRAB SAMPLER

50

31

5
1

15 (9-10, 1415}
60 (10-11, 30-31, 59-60)

BATHE GRAB SAMPLER IN ISOPROPYL
ALCOHOL/DRY ICE BATH FOR 30 MIN
AT -70°C. ADD 10MLOF HEXANE.
ANALYZE (16 ul) ALIQUOTS ON
HEWLETT PACKARD GC MODEL NO.
5830A— GLASS COLUMN-— 10% OV.1
CHROMOSORB W, MESH 80-100.

USE HEWLETT PACKARD GC
TERMINAL NO. 18850A.

INHALATION TOXICITY STUDIES

SMOKE AND/OR EXHAUST

EXHAUST

0.2

MINE SAFETY APPLIANCE CO.
ELECTROSTATIC PRECIPITATOR
(MODEL NO. SERIES F) IN
TANDEM WITH SPHEROCARSB
(ACTIVATED CHARCOAL) FILTER

50

31

5
5

15 (1-6, 10-15)
60 (5-10, 30-35, 55-60)

WASH PRECIPITATOR AND
SPHEROCARB CONTENTS WITH
15ML AND 10 ML OF HEXANE
RESPECTIVELY. ANALYZE

(1-56 »t) ALIQUOTS FROM BOTH
SAMPLES SEPARATELY AS
DESCRIBED FOR SMOKE/EXHAUST
MIXTURES

In the DF2 smoke and/or exhaust studies, young mature adult Sprague-
Dawley rats, Fischer 344 rats, Hartley albino guinea pigs and B6C3r'1 mice

were exposed in groups of five males and five females each.
In both studies an equal num-

studies the Fischer rats and mice were omitted.
ber of controls were retained for each exposure and underwent the same pro-
cedure excepting exposure to the smoke/exhaust or exhaust clouds.  All ,

animals were weighed prior to exposure and at 24 hours, 1 week and 2 weeks
post-exposure. ‘

In the DF1

In both DF2 and DF1 smoke and/or exhaust studies, for the 15 minute and
1 hour exposures, groups of three males and three females each of Sprague-
Dawley rats, Fischer rats and guinea pigs received plethysmographic measure-
ments prior to exposure and at 24 hours and 14 days post-exposure to the

DF2 smoke/exhaust and exhaust only.

In the case of the DF1 exposures,

Fischer rats were omitted. An equal number of controls were evaluated.

All exposed animals were observed for toxic signs and mortality immediately
after exposure to the smoke and/or exhaust and daily thereafter for a 14 day

period.
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At completion of the postexposure period, selected exposure and control
animals (usually six each) were anesthetized intraperitoneally with sodium pen- -
tathol, bled and sacrificed for gross and histopathology.: Representative animals
that died spontaneously during the 14 day postexposure holding period were -
also submitted for gross and histopathology. Blood samples were analyzed for
triglycerides, cholesterol, glucose, blood urea nitrogen, creatinine, uric acid,
sodium, potassium, chloride, carbon dioxide, alkaline phosphatase, serum glu-
tamic' pyruvic transaminase, ‘serum oxalacetic transaminase, albumin, globulin,
albumin globulin ratio, calcium, phosphorus, red blood cell, white blood cell, "
differential white cell count, hemoglobin :and hematocrit. For gross and -
histopathology, the following organs were examined: heart, liver, lungs, spleen,
kidneys, brain, eyes, trachea, nares, adrenals, stomach skin, bladder, gonads,
pancreas, small and 1arge intestines. A

RESULTS

CHAMBER CONDITIONS FOR INHALATION STUDIES

Both DF2-and DFl generated smoke/exhaust clouds were extremely dense,
acrid in odor and produced oily "droplets on chamber equipment and.animal fur.
At least ninety-eight percent of the airborne particulates in both type clouds
were found to be < 0.1 microns in mass mean diameter. A typical example of
particulate size measurement for DF2 smoke/exhaust is shown in Table 3

TABLE 3. THE AERODYNAMIC MASS DIAMETER OF HYDROCARBON
'PARTICLES COLLECTED FROM A DF2 SMOKE/EXHAUST
EXPOSURE, CHAMBER CLOUD

MASS *
IMPACTOR SIZE (MICROGRAMS) % CUM %
' . (u) o
1 16 0 — —_—
"2 10 0 — —
'3 a 7 0 —_— —_— -
! 2.4 0 - —_—
5 15 2 _— —_—
6 0.85 100 10.8 100.0
7 0.47 197 21.2 85.7
8 0.29 . 343 37.0 64.5
9 0.10 142 15.3 275
10 — 69 7.4 12.2

FILTER o 5 4.8 4.8

TOTAL MASS 928 ug

. . = 15.6 ug/liter
TOTAL LITERS COLLECTED 59.5
AVE. HYDROCARBON CONCENTRATION OF 20,000 LITER/EXPOSURE CHAMBER DF2 SMOKE/EXHAUST
CLOUD = 46.0 Mg/L

15.6 ug/liter
= = 0.04% OF PARTICLES GREATER THAN 0.1 pu
46,000 ug/iter

* AVE. OF FOUR SIERRA (2210-K) CASCADE IMPACTOR COLLECTION SAMPLES
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Airborne concentrations for the smoke/exhaust mixtures for both DF2 and
DF1 were based on total hydrocarbon content. For animal exposures with DF2,
concentrations ranged from 33,800 to 54,000 mg/m?® with a mean of 45,600 mg/m?
+ 18,100. Exposure times were from 15-300 minutes. With DF1 smoke/exhaust
exposures, concentrations ranged from 3,500 to 68,250 mg/m?® with a mean of
42,000 mg/m?® + 16,800. Exposure times were from 15-300 minutes.

- During DF2 smoke/exhaust exposures chamber temperatures ranged from
69.0°F + 7.0 before smoke entry; 84.0°F % 8.0 five minutes after smoke entry and
74.0°F * 6.0 between 5-60 minutes. The relative humidities for the same time
periods were 58% * 31, 69% * 22 and 74% * 23, respectively. During DF1
smoke/exhaust chamber exposures the mean temperatures were 75°F * 4 before
smoke entry; 81°F * 3 five minutes after smoke entry and 77°F * 3 between
5-60 minutes. For equivalent times, relative humidities were 81% * 19; 84% * 19

and 85% + 2Q.

Temperature and relative humidity rises during DF2 and DF1 smoke/exhaust
emission into the animal exposure chamber were due to the heat and moisture
from the M60A1 tank engine. The temperature rise usually dissipated signifi-
cantly between 3~5 minutes after smoke/exhaust entry while the relative
humidity remained elevated. (Tables 4 and 5)

TABLE 4. CHAMBER CONDITIONS DURING ANIMAL EXPOSURES TO
M60A1 TANK GENERATED DF2 SMOKE* AND/OR ENGINE EXHAUST**

DE, SMOKE & EXHAUST EXHAUST ALONE

EXHAUST MANIFOLD
TEMPERATURE BEFORE 1180 ‘ 1180
(°F) DURING 500 1180
CHAMBER BEFORE 69 + 7 71+ 6
TEMPERATURE (°F) DURING (0-5 MIN) 84 + 8 82+ 7

DURING (5-60 MIN) 74+ 6 74+ 6
CHAMBER BEFORE 58 + 31 60 + 23
RELATIVE HUMIDITY DURING (0-5 MIN) 69 + 22 79 + 18
(%) DURING (5-60 MIN) 74 + 23 77 + 19
CARBON MONOXIDE 68 + 25 80 + 19
{PPM)
' CARBON DIOXIDE 6763 + 3072 7710 + 3153
{PPM)
OXYGEN 20 + 0.8 20 + 0.4
(%)

* ’ * ¥
TOTAL HYDROCARBON CONCENTRATION OF DF, SMOKE/EXHAUST = TOTAL HYDROCARBON CONCENTRATION OF
DF, ENGINE EXHAUST

* .
GRAB_SAMPLES *¥E| ECTROSTATIC PRECIPITATOR
45.6 + 18.1 MG/L , 0.280 + 0.200 MG/L
{45,600 + 18,100 MG/M3) (280 + 200 MG/M3)
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TABLE 5. CHAMBER CONDITIONS DURING ANIMAL EXPOSURES TO
M60A1 TANK GENERATED DF1 SMOKE* AND/OR ENGINE EXHAUST**

DE; SMOKE & EXHAUST EXHAUST ALONE
" EXHAUST MANIFOLD BEFORE 1180 1180
TEMPERATURE (°F) DURING 500 1180
CHAMBER TEMPERATURE (OF) BEFORE 75+ 4 75+ 8
DURING (0-5 MIN} 81 +3 83+ 6
DURING (5-60 MIN) 77+ 3 .18+ 7
CHAMBER RELATIVE HUMIDITY BEFORE 81 + 19 81 + 15
(%) . DURING (0-5 MIN) 84 + 19 80 + 8
DURING (5-60 MIN) 85 + 20 % + 6
CARBON MONOXIDE {PPM) _ © 63+ M 70 + 14
CARBON DIOXIDE (PPM) 5000 + 9021 5379 + 2128
OXYGEN (%} 20 + 05 © 20 + 0.6
* TOTAL_HYDROCARBON CONCENTRATION OF DF;_SMOKE/EXHAUST  TOTAL HYDROCARBON CONCENTRATION OF DF,
. ' . EXHAUST
GRAB SAMPLES ** £\ ECTROSTATIC PRECIPITATOR
420 + 16.8 MG/L 0.142 + 0.10 MG/L
42,000 + 16,800 MG/M3 - {142.0 + 100 MG/M3)

** SPHEROCARB FILTER
0.035 + 0.039 MG/L
{35.0 + 88.0 MG/M3)

Chamber concentrations of carbon monoxide, carbon dioxide and oxygen taken
during animal exposures to DF2 and DF1 smoke/exhaust are shown on Tables 4
and 5. Measurements for sulfur dioxide, nitrogen dioxide and ethylene oxide
were also obtained and are shown in Table 6. ‘

Airborne chamber clouds produced by M60A1 tank generated DF2 and DF1
exhaust were less dense than those of the smoke/exhaust mixtures. The odor
was less acrid but oily deposits were found on the animal fur. The mass median
diameter of at least 98% of the airborne particulates in both DF2 and DF1
exhaust clouds was found to be < 0.1 microns. There was a gradual degradation
of total hydrocarbon concentration for DF2 and DF1 exhaust which dissipated as
much as 50% by 60 minutes.

DF2 exhaust total hydrocarbon concentrations ranged from 100 to 400 mg /m 3,
with a mean of 280 mg/m3 + 200. Exposure times were from 15-300 minutes.
Airborne hydrocarbon concentrations for DF1 exhaust (including vapor) ranged
from 59 to 337 mg/m?, with a mean of 177 mg/m? % 139. Like DF2, exposure
times were from 15-300 minutes. ‘ o

Mean chamber temperatures during a 60 minute animal exposure to DF2
exhaust were 71°F * 6 before emission; 82°F * 7 five minutes after emission and
740F + at 5-60 minutes. For DF1 exhaust, the mean chamber temperatures were
75°F * 8; 83°F * 6 and 78°F * 7 for the same periods.
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TABLE 6.

TYPICAL CHAMBER GAS CONCENTRATIONS* DURING
ANIMAL EXPOSURE TO M60A1 TANK GENERATED DF2 AND DF1
(DIESEL FUEL) SMOKE AND/OR EXHAUST

CHAMBER GAS

- DF, SMOKE/EXHAUST(@

DF; ExHAusT(®)

DF; SMOKE/EXHAUST{c)

DF, EXHAUST(d)

ETHYLENE OXIDE

MEASURED (ppm) {ppm}) (ppm) - {ppm)
NITROGEN DIOXIDE 20 (18-20) 17 (10-20) 35 (30-40) 35 (35-35)
SULFUR DIOXIDE’ 17 (10-20) 12 (5-20) 12 (5-15) 8 (6-12)

‘|CARBON MONOXIDE 68 (35.122) 80 (50-130) 62 (28-75) 70 (45-108)
< 0.1 "< 0.1 <0.1 <01

CARBON DIOXIDE

6763 (1200-3500)

7710 (400-11,000)

5000 (3,000-6,000)

6318 (5,000-11,000)

OXYGEN (%)

20 (19.6-21.2)

20 (19.6-20.9)

20 (19.2-20.9)

20 (18.9-20.9)

LEGEND:

* GAS CONCENTRATIONS ARE AVERAGE VALUES WITH ACTUAL RANGES,

{a} TOTAL HYDROCARBON CONCENTRATION OF DF2 SMOKE/EXHAUST = 456 *
() TOTAL HYDROCARBON CONCENTRATION OF DF EXHAUST =
{c) TOTAL HYDROCARBON CONCENTRATION OF DF1 SMOKE/EXHAUST = 42.0
(d TOTAL HYDROCARBON CONCENTRATION OF DF1 EXHAUST = 0.177

18.1 Mg/L (45, 500 *
0.280 *+ 0.200 Mg/L (280 * 200 Mg/m3)

+ 16.8 Mg/L (42,000 * 16,800 Mg/m3)
+ 0.139 Mg/L (177 ¢

+ 18,100 Mg/m3)

139 Mg/m3)

Mean relative humidities for DF2 exhaust were 60% * 23 before emission; 79%
* 18 five minutes after emission and 77% * 19, 5-60 minutes after exhaust entry.

For DF1 the mean relative humidities for the same time intervals were 81%
89% * 8 and 96% :

* 6.

+ 15;

As was the case with the DF2 and DF1 smoke and exhaust both the tempera—
ture and the relative humidity rose durmg emission of the DF2 and DF1 exhaust

clouds.
engine.

This rise was due to the heat and condensation from the M60A1 tank
The temperature rise usually dissipated significantly about 3-5 .

minutes after exhaust expulsion but the relative humidities remained elevated.
This is seen in Tables 4 and 5.

Carbon monoxide, carbon d1ox1de, and oxygen content measured during

the DF2 and DF1 exhaust studies are also shown in Tables 4 and 5.

Measure-

ments for sulfur dioxide, nitrogen dioxide, and ethylene oxide content were
also taken and are shown in Table 6.

TOXIC SIGNS AND MORTALITY

' During exposure to DF2 and DF1 smoke and/or ex}'laust,‘ animals were not
visible for observation due to the density of the smoke clouds.

v

At the cessation

of all exposure periods (e.g. 15-300 min) various toxic signs (Table 7) were

noted:

lethargy, apnea, hypopnea, lacrimation, piloerection, exophthalmos,

cyanosis, nasal hemmorrhage,. frothiness of the nose or mouth, and when

death was imminent tremors, convulsions, and prostration.

Sprague-Dawley

rats, Fischer rats, and Hartley guinea pigs showed lethargy after 15 minute

exposures to DF2 smoke/exhaust.
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species after 15 minute exposures to DF2 exhaust. After 60 minute exposures
to DF2 smoke/exhaust, however, several guinea pigs showed lacrimation, oral
and nasal frothiness, nasal hemorrhage and tremors. Sprague-Dawley rats
manifested cyanosis and mice showed piloerection. Fischer rats and guinea pigs
died from this exposure. With the 60 minute DF2 exhaust exposures the only
"premortem" toxic sign was lethargy in mice. Sprague-Dawley rats, mice and
Fischer rats died between 6-50 hours postexposure. As exposures to DF2
smoke and/or exhaust extended beyond 60 minutes, an increased incidence of
signs of lethargy and respiratory distress (e.g. hypopnea or apnea) was
observed. Exophthalmos was shown by Fischer rats and Hartley guinea pigs
exposed to DF2 exhaust for 120 and 180 minutes, respectively. Tremors,
convulsions and prostration became more frequent as exposure to either type
cloud extended beyond 60 minutes. In many instances mortalities in animals
exposed to DF2 smoke/exhaust differed from those of animals exposed to

DF2 exhaust alone (Table 8).

TABLE 7. TOXIC SIGNS OBSERVED IN SPRAGUE-DAWLEY RATS,
FISCHER 344 RATS, B6C3F1 MICE AND HARTLEY STRAIN GUINEA PIGS
EXPOSED TO M60A1 TANK GENERATED DF2 SMOKE AND/OR EXHAUST

DF, SMOKE/EXHAUST DF, EXHAUST
TOXIC SIGN {Time of Exposure, Min) (Time of Exposure, Min}
H 1 T
15 60 ! 120 | 180 . 300 |15( 60 120 180 (300
| i
i I
CYANOSIS SR | FR, GP B FR_ ]
APNEA GP |
P B T T i T s (eI o
HYPOPNEA SR, M, ISR, FR,!M, FR M, SR .
LETHARGY SR, FR, SR, M [SR, M, |m, FR M FRM ! SR, M| M, GP
GP FR | GP
H RN SEEU s S,
LACRIMATION GP | GP !
SR - N § 1
ORAL & NASAL FROTHINESS GP :
P — — —-—— ok e .
NASAL HEMORRHAGE © oGP JrGP ; : P |
e '—"JT“* JERSRRE P S U p
PILOERECTION Mo SR, GP J
‘ IFR . ]
EXOPHTHALMOS “ A o T L FR p Gp [
TREMORS GP . {GP, M FRO| l
CONVULSIONS ‘ i : 'FR 'ap |
- . i e e B USSR S S 4
PROSTRATION GP M, FR | SR, FR FR
B ! IR [IERPR
DEATH FR, | FR, SR, FR, | SR, FR, SR, FR,| SR, FR,| SR, FR, SR* M
GP | GP GP M, GP M M M, GP| GP

*ALL ANIMALS EXPIRED BEFORE TOXIC SIGN OBSERVATION.

LEGEND: SR = SPRAGUE DAWLEY RAT; M = B6C3F1 MOUSE; FR = FISCHER 344 RAT; GP = HARTLEY
STRAIN GUINEA PIG. (NOTE: ALL TOXIC SIGNS DISAPPEARED BY 4-24 HRS POST EXPOSURE).
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TABLE 8. MORTALITY FRACTIONS DERIVED FROM STUDIES
DESIGNED TO DETERMINE THE ACUTE INHALATION TOXICITY OF
M60A1 TANK GENERATED DF2 SMOKE AND/OR ENGINE EXHAUST

MBOA1 TANK GENERATED DF, SMOKE/EXHAUST MB0A1 TANK ENGINE EXHAUST
15 60 120 180 300 15 60 120 180 300

SPECIES EXPOSURE TIME (MIN) EXPOSURE TIME (MIN)
FISCHER 344 RAT 0/10 1/10 8/10 9/10 10/10 0/10 110 7/8 10/10 --

SPRAGUE DAWLEY RAT 0/10 0/10 0/10 3/10 10/10 0/10 3/10 5/10 6/10 9/10

HARTLEY GUINEA PIG 0/10 4/10 9/10 5/10 10/10 0/10 0/10 0/10 5/10 9/10

B6C3F1 MOUSE 0/10 0/10 0/10 0/10 6/10 0/10 5/10 5/10 2/10 4/10

TOTAL 0/40 6/40 17/40 17/40 36/40 0/40 9/40 17/38 19/40 22/30

TOTAL HYDROCARBON CONCENTRATION OF DF, SMOKE/EXHAUST IOTAL HYDROCARBON CONCENTRATION OF ENGINE EXHAUST

GRAB SAMPLES ELECTROSTATIC PRECIPITATOR
45.6 + 181 MG/L 0.280 + 0.200 MG/L
{45,600 + 18,100 MG/M3) {280 + 200 MG/M3)

The toxic response in these animals does not appear related to total hydro-
carbon concentration since the DF2 smoke/exhaust mean concentrations were
45,600 mg/m?3 whereas the DF2 exhaust was 280 mg/m?.

As a result, Table 8 shows that when M60A1 tank generated DF2 smoke and/or
exhaust was disseminated under the same conditions, Fischer rats were equally
vulnerable to the components of both clouds; Hartley guinea pigs were more
sensitive to the smoke/exhaust than to the exhaust alone; B6C3F1 mice and
Sprague-Dawley rats were more sensitive to the exhaust alone. The mice
appeared to be the most resistant species to both types of clouds.

Exposure of Sprague-Dawley rats and Hartley guinea pigs to DF1 smoke and/or
exhaust showed essentially the same pattern of toxic signs (Table 9) and mortality
as exposure to DF2. No toxic signs were seen from the 15 minute exposure to
either smoke and/or exhaust except lacrimation in guinea pigs exposed to the
smoke/exhaust mixture. As a result of 60 minute exposures to DF1 smoke/exhaust,
cyanosis was seen in rats and lacrimation in guinea pigs. No deaths occurred.
Exposure for the same duration to the exhaust caused lethargy in both species
and lacrimation in guinea pigs. One rat died from the 60 minute exhaust
exposure.

As was the case with DF2 smoke and/or exhaust exposures, toxic signs became
more frequent and severe beyond the 60 minute exposures. Apnea was seen in
both rats and guinea pigs exposed for periods beyond 60 minutes to the
smoke/exhaust cloud. Lethargy was common in both species after exposure to
either type of cloud. Nasal hemorrhage was observed in rats and guinea pigs
after 240 and 300 minute exposures, respectively, to DFl smoke/exhaust. The
incidence of tremors, convulsions and prostration occurred with frequency after
60 minute exposure to either cloud and deaths increased.
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TABLE 9. TOXIC SIGNS OBSERVED IN SPRAGUE-DAWLEY RATS AND
HARTLEY STRAIN GUINEA PIGS EXPOSED TO M60A1 TANK GENERATED
DF1 SMOKE AND/OR EXHAUST

DF, SMOKE/EXHAUST _DF,_EXHAUST
(Time of Exposure, Min) {Time of Exposure, Min)
O PR L ' Py S B
TOXIC SIGN 15 60 120 180 240 300 15, 60 . 120 180 240 300
T
CYANDSIS SR SR ‘
APNEA S -A “ ' -GP SR, GP | SR SR, GP . ' SR ' ‘GP . GP
HYPOPNEA ; I ’ ' 1
LETHARGY GP SR,GP | SR GP . SR, GP SR SR, GP .GP GP »
——I:A—CMR‘IMhATION o .GP ) GP h GP V GP SR, GP o GP ' SR . GP : . GP
| NASAL HEMORRHAGE S sk o S ]
LotRECTION USRI d [ S . . . .
EXOPHTHALMOS SR ; SR
CONVULSIONS A . SR GP ‘ SR, (;P E ‘ ' . . GP
PROSTRATION T : “ GP " o SR éP * ' ' SR ' . .
DEATH 2!;' © SR, GP SR, GP*] SR, GP { SR " SR, SR, GP SR* SR**
i |

GP* GP
{ L i L

*SPECIES NOT EXPOSED
**ALL ANIMALS EXPIRED BEFORE TOXIC SIGN OBSERVATION

LEGEND: gn - SPRAGUE DAWLEY RAT; GP = HARTLEY STRAIN GUINEA PIG
{NOTE: ALL TOXIC SIGNS DISAPPEARED BY 4-24 HRS POST EXPOSURE).

Exophthalmos was seen in rats after 300 minute exposures to smoke/exhaust
and 120 minute exposures to the exhaust. In many instances, mortalities in
both species exposed to DF1 smoke/exhaust differed from those of animals
exposed to DF1 exhaust alone. v

Results from these studies (Table 10) showed that the guinea pigs were more
sensitive to the DF1 smoke/exhaust than the rat. The opposite was true for
DF1 exhaust alone.

As was shown with DF2, mortality does not appear to be based on total
hydrocarbon concentration. DF1 smoke/exhaust mean concentration was 42,000
mg/M?® and DF1 exhaust alone was 177 mg/M3. Table 10 gives the composite
mortality fractions found from these studies with DF1 smoke and/or exhaust.
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TABLE 10. MORTALITY FRACTIONS DERIVED FROM STUDIES
DESIGNED TO DETERMINE THE ACUTE INHALATION TOXICITY OF
M60A1 TANK GENERATED DF1 SMOKE AND/OR ENGINE EXHAUST

M60A1 TANK GENERATED DFq SMOKE/EXHAUST M60A1 TANK ENGINE EXHAUST

15 60 120 180 240 300 15 60 120 180 240 300
SPECIES EXPOSURE TIME (MIN) EXPOSURE TIME (MIN)
SPRAGUE DAWLEY ‘
RAT 0/10 0/10 - 2/10 110 8/10 0/10 1/10 1/10 6/10 - 10/10
HARTLEY GUINEA
PIG 0/10 0/10 7/10 8/10 - 10/10 0/10 0/10 - 1/10 0/10 10/10
TOTAL 0/20 0/20 7/10  10/20 1/10  18/20 0/20 1/20 1/10 7/20 0/10 20/20

TOTAL HYDROCARBON CONCENTRATION OF DF,_SMOKE/ TOTAL HYDROCARBON CONCENTRATION OF ENGINE EXHAUST

EXHAUST
GRAB SAMPLES - ELECTROSTATIC PRECIPITATOR
42,0 + 16.8 MG/L 0.142 + 0.10 MG/L
(42,000 + 16,800 MG/M3) (142 + 100 MG/M3)

SPHEROCARB FILTER
0.035 + 0.039 MG/L
(35 + 39 MG/M3)

BODY WEIGHT CHANGES

When survivor numbers were sufficient to statistically evaluate this para-
meter, no significant body weight loss was found among animals exposed for
15 and 60 minutes to DF2 and DF1 smoke and/or exhaust. At the 120-300
minute exposures, single incidences of weight loss were found among animals
that had experienced extreme physiological stress (e.g. lethargy, hypopnea,
nasal and oral frothiness, etc). Normal weight gain patterns, however, were
noted in these animals by 14 days postexposure.

HEMATOLOGY AND BLOOD CHEMISTRY

Evaluation of the hematology and blood chemistry data from animals used
in these studies is incomplete. Preliminary examination of the data, however,
suggests no significant effects on these parameters from the DF2 and/or DF1
smoke and/or exhaust exposures.

RESPIRATORY MEASUREMENTS

Several Sprague-Dawley rats and Hartley guinea pigs may have shown
changes in pulmonary resistance after 60 minute exposures to DF2 smoke and/or
exhaust. Animals exposed to DF1 smoke and/or exhaust showed similar effects.
Confirmatiori of these f1nd1ngs is awaiting completion of histopathologic evaluation

of lung tlssues
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GROSS AND HISTOPATHOLOGY .,

GROSS PATHOLOGY

Mottled lungs, accompanied with hemorrhage and edema were seen in Hartley
guinea pigs and Fischer 344 rats exposed to DF2 smoke/exhaust for ‘periods of
60 minutes or longer and in guinea pigs, B6C3F1 mice, Fischer and Sprague—
Dawley rats exposed for the same t1me periods to DF2 exhaust.

Similar lung damage was found in guinea pigs exposed for 120 minutes or .
more to DF1 smoke/exhaust and Sprague-Dawley rats exposed for 60 mmutes or
longer to DF1 exhaust o

These effects were seen only in those animals that died spontaneously or
within 24 hours after .exposure to either type of fuel emission. Gross evidence
of lung damage was negative in those animals that were sacrificed at 14 days ;
postexposure. '

HISTOPATHOLOGY . ‘ o .~,3ftd”

To date, only hlstopathologm ‘evaluation of organs from B6C3F1 mice and
Hartley guinea pigs exposed to DF2 smoke and/or exhaust is complete. Fmdmgs
with both species, however, indicate a direct relationship between reactlve o
lung lesions and exposure of either sex to DF2 smoke.and/or exhaust In mice
that died spontaneously from 300 minute exposures to DF2 smoke /exhaust, acute
lung. congestion in addition to acute multifocal bronchopneumonia was found.
Animals that survived the exposure and were sacr1f1ced 14 days later mamfested
diffuse lung. congestmn and subacute and chronic multlfocal bronchopneumonla

Exposure of mice to DFZ exhaust caused more severe pathology An1mals that
died spontaneously from the 60 minute exposures showed diffuse lung congestion,
pneumonia, lung necrosis and acute necrotizing tracheitis. Those that survived
the 60-300 minute exposures and were sacrificed in 14 days showed chronic
multifocal bronchopneumonia and in some cases mult1focal lung congest1on

C
A

Histopathologic evaluation of organs from guinea pigs exposed for 60 minutes
or more to DF2 smoke and/or exhaust also showed reactive lung lesions, Animals
that died spontaneously showed acute diffuse interstitial pneumonia, acute :
diffuse bronchitis, acute diffuse lung hemorrhage, multifocal ‘hemorrhage, and
acute diffuse lung congestmn In addition, there was acute diffuse rhinitis
with congestion in the turbinates and evidence of acute tracheitis. With those
animals exposed 60-300 minutes and sacrificed in 14 days, acute and subacute _
multifocal bronchopneumonia, active chronic multifocal bronchopneumoma and
multifocal. per1bronch1olar lymphocytos1s was found.

Guinea pigs exposed from 60-300 minutes to DF2 exhaust showed histopatho-
logic respiratory lesions at spontaneous ‘death and at 14 day sacr1f1ce ~Animals
that died .during or within 24 hours after exposure showed acute d1ffuse and/or
multifocal congestion of the turbinates. ,.Animals that surv1ved the DF2 exhaust
exposures and were sacrificed 14 days later marufested act1ve chromc multlfocal
bronchiolitis and diffuse congestion of the turbmates
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In summary, it can be stated that 300 minute exposure to DF2 smoke/exhaust
caused acute and chronic lung lesions in B6C3F1 mice. Similar effects were seen
in guinea pigs exposed for 60-300 minutes. Exposure of both species to DF2
exhaust only caused acute and chronic lung damage by 60 minutes.’

Both mice and guinea pigs failed to show significant lung lesions from 15
minute exposures to DF2 smoke and/or exhaust.

DISCUSSION

These acute toxicity studies with M60A1 tank generated DF2 and DF1 smoke
and/or exhaust represent unfinished work as not all the data have been evaluated.
With the available information, however, several tentative remarks can be made
about the significance of the findings.

First, the data imply that the toxic component of the clouds appears to be
in the exhaust. This is evidenced by the fact that if a comparison is made between
the concentrations of the DF2 or DF1 smoke/exhaust versus the concentrations
of their respective exhausts, the total hydrocarbon content of the former is
163-237 times greater. Data show, however, that with exception of the guinea
pig, which was more sensitive to the smoke/exhaust mixture, mortalities were
similar with both types of clouds for both grades of fuel.

Based on this evidence, the question may then be asked: What common
component caused the lethality in both types of clouds?

Available information from the literature indicates that it was not a depletion
of oxygen or an excess of carbon monoxide or carbon dioxide. Normal atmospheric
oxygen is 20.9%. In these studies with both DF2 and DF1 smoke and/or exhaust,
the mean oxygen concentrations were 20% which is sufficient to prevent oxygen
deficiency. ‘

In regards to carbon monoxide and carbon dioxide levels, the mean concen-
trations never exceeded 80 or 8000 ppm, respectively. According to Patty
(1963) these should not be lethal concentrations even at the exposure durations
maintained in these studies.

The first comprehensive examination of the acute inhalation toxicity of diesel
exhaust was conducted by Pattle et al. (1957). Their objective was to determine
the principal toxic constituents of diesel exhaust generated under various "load"
conditions of engine operation. Mice, rabbits, and guinea pigs were exposed
for 7-14 hours to the undiluted diesel exhaust under light load conditions. The
exposures produced nearly complete mortality in all species accompanied by mild
pathologic alterations in the trachea and lung. Aldehydes (16 ppm) and oxides
of nitrogen (46 ppm) were presumed to be the primary toxic agents in this case.

The effects these components had on the mortalities in the DF2 and DF1
smoke and/or exhaust studies require further exploration. Similar measurements
were made but require substantiation with other instrumentation. One comment
can be made, however, with regards to the concentrations of nitrogen dioxide
in DF2 and DF1 smoke and/or exhaust clouds. Several NO, measurements were
taken (Table 6) from both type clouds generated from both fuels during the

182

“




course of these tests. The maximal reading recorded was found with DF1
smoke/exhaust and equaled 40 ppm. This concentration should not be lethal
in the species tested according to Latowsky et al. (1941). They showed that -
NO, concentrations greater than 100 ppm are required to cause death in cats,
guinea pigs, mice, rats, and rabbits.

In addition, the concentration of sulfur dioxide and ethylene oxide never
exceeded 20 ppm or 0.1 ppm, respectively, in any of the tests. These concen-
trations should not be lethal. Weedon et al. (1939) exposed mice and guinea pigs
to concentrations of 10, 25, 33, 65, 100, 150, 300, and 1000 ppm of sulfur dioxide
and found that the gas caused no significant effects in either species at concen-
trations of 33 ppm or less. They also determine the median lethal concentration
for mice which was found to be 130 ppm for 24 hours, 340 for 6 hours, 610 for
1 hour and 1350 ppm for 10 minutes.

Ethylene oxide concentrations (e.g. < 0.1 ppm) found in these studies with
DF2 and DF1 smoke and/or exhaust were also found to be non-lethal. Patty (1963)
reports that concentrations of 560-600 ppm for 8 hours are required to cause
death in guinea pigs and 1100 ppm for the same exposure period in rats. -

One more facet should be addressed with regards to cause of lethality in
these studies. That is, the hydrocarbon particulate sizes of the smoke and/or
exhaust clouds. Schreck (1978) reported that one reason why increased expo-
sure to particulates derived from diesel engine exhaust may constitute a poten-
tial health hazard is because of size. His work showed that the carbonaceous
particles are primarily in a size range (0.2 - 0.3 um mass median diameter)
which could allow for deposition and possible retention inethe deep lung compart-
ments. Measurements of particulate sizes from the described DF2 and DF1 smoke
and/or exhaust clouds showed that at least 98% of the particles had mean
diameters of less than 0.1 micron. Based on Schreck's hypothesis, this would
make them prime candidates for deposition and retention in the lower lung
compartments.

These studies do not address the effects of repeated exposures nor the
possible effects on reproductive processes, including long term carcinogenic
potential. Some of these factors are being addressed in a 13 week daily exposure
test study of laboratory animals to lower concentrations of DF2 smoke and/or
exhaust now in progress.

CONCLUSIONS

M60A1 tank generated DF2 smoke and/or exhaust disseminated under static
airflow conditions caused death in laboratory animals after 60-300 minute expo-
sures to mean total hydrocarbon concentrations of 45,600 mg/M?3 of smoke/exhaust
and 280 mg/M?® of exhaust. DF1 smoke and/or exhaust caused similar effects
from 120-300 minute exposures to mean concentrations of 42,000 mg/M3 of
smoke /exhaust and 60-300 minute exposures to 177 mg/M? of exhaust.

The significant chemical component causing the toxicity is postulated to
originate from DF2 and DF1 exhaust.

It is postulated that death results from toxic and/or pathologic effects on
the respiratory system.
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COMPARATIVE STUDIES OF THREE
GUINEA PIG SENSITIZATION TESTS

John R. Horton
Toxic Hazards Research Unit
University of California, Irvine
Wright-Patterson Air Force Base, Ohio

INTRODUCTION

A modified form of the Landsteiner-Draize Guinea Pig Sensitization method
has been used exclusively at the Toxic Hazards Research Unit for sensitization
testing. Critics of the Landsteiner test contend the method fails to detect
many known weak to moderate human sensitizers. In the past few years many
additional sensitization methods have been developed. Comparison studies of
various methods with the Landsteiner test are reported in the literature,
but none have been conducted at this laboratory. It was decided that it
would be of interest to conduct our own comparison of the Landsteiner test
with some of the more well established alternate methods. The Guinea Pig
Maximization Test, G.P.M.T., (Magnusson and Kligman, 1969) and the Maguire
Test (Maguire, 1973) were selected. The Maguire Test, the G.P.M.T., and
the Landsteiner represent three different modes of administration in their
respective induction phases. The Landsteiner Test uses intradermal injections,
the Maguire Test uses topical applications and the G.P.M.T. uses both injec-
tions and topical applications. The Maguire Test was recommended by and used
at Dow Laboratories, (private communication, V. K. Rowe, 1978). The G.P.M.T.
is probably the next most well established method after the Landsteiner test.
Also, the G.P.M.T. and Maguire Test are relatwely s1mple to perform and
require no spec1al equlpment

Three materials of known sensitization potent1al were selected. Dinitro-
chlorobenzernie (DNCB) was selected as a severe sensitizer (Klecak et al., 1977).
Carbowax 4000 was selected as the nonsensitizer. Formaldehyde was chosen
as a known weak to moderate sensitizer (Magnusson and thman 1969). After
visual evaluation of the animals, skin sections were taken from'the apphcatlon
sites of 'all animals of the studies for histologic evaluation. Evidence exists that
sensitizing agents can be quant1tat1vely identified by measuring the degree of
mononuclear cell 1nf11trat1on 1n the dermis of exposed an1mals (Groth 1978)

MATERIALS AND METHODS L

Dinitrochlorobenzene (practical grade), formaldehyde (37% aqueous), and
Carbowax PEG 4000 (polyethylene glycol 4000) powder (laboratory grade) were
obtamed from Fisher Sc1ent1f1c Company ‘ B
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The concentrations used were based on the results of the preliminary
primary initiation tests. Second trials with formaldehyde were conducted to
determine the effect of concentration.

Hartley strain, female albino guinea pigs 6 to 8 weeks of age obtained from
Murphy Breeding Laboratory, Plainfield, Indiana were utilized for all studies.
Twenty animals were used per group.

Skin sections were taken after the 48 hour evaluation for microscopic
observation.

" METHODS

LANDSTEINER

On test day 1, the guinea pigs were weighed and clipped on the scapular
areas. 0.05 ml of 0.1% dilutions of the test materials were injected intradermally
into the upper right scapular area of each animal. Similar injections of the
vehicle were made into the left scapular area. The injection sites were evaluated
and scored numerically at 24 and 48 hours post injection. On test days 3, 5,

8, 10, 12, 15 and 17, 0.1 dilutions of the test materials were made into the
clipped dorsal lumbo-sacral area of each animal. After a 3 week incubation
period the animals were challenged with 0.05 ml injections of the test materials
and respective vehicles in the right and left scapular areas. These injection
sites were evaluated and scored at 24 and 48 hours post injection. The final
sensitization score for each animal was calculated with the following formula:
(day 1 test material score - day 1 vehicle score) - (challenge, test material
score - challenge vehicle score).

MAGUIRE TEST

On day 1 an area on the back of each animal directly above the forelegs
was clipped and chemically depilitated. Solutions of 0.1 ml of non-irritating
concentrations of the test materials were applied to these areas on } x % inch
squares of cotton gauze. These patches were covered with dental dam then
tightly occluded with elastic adhesive bandages. On day 3 the patches were
removed and a second patch was applied to the same site and again occluded.
On day 5 the patches were removed and a total volume of 0.2 ml Freunds
Adjuvant was injected in 2 points adjacent to the insult site in each animal.
Patches containing 0.1 ml of the test material were again applied. On day 8
induction patches were again applied and occluded. The patches were removed
48 hours later and the animals were rested for 2 weeks. After the 2 week
incubation period both flanks of the animals were clipped and the animals were
challenged with 0.1 ml applications of the test materials on one flank and the
skin responses at the challenge sites were recorded after 24 and 48 hours. Any
animal that demonstrated erythema or edema was rated as a positive responder.

GUINEA PIG MAXIMIZATION TEST

. The guihea pig maximization test, G.P.M.T.‘, utilized separate grouf)s of .
animals for evaluation of the test materials and their vehicles. On day 1 the
shoulder regions of the test material animals were clipped as closely as possible.
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Three pairs of intradermal injections were made so that on each side of the
midline of the back there was 1 row of 3 injection sites. The injection sites were
within a 2 x 4 cm area and consisted of: 1) 0.1 ml of Freund's Adjuvant (F.C.A.);
2) 0.1 ml test materials, and; 3) 0.1 ml test material in F.C.A. The control
group received the following pairs of intradermal injections: 1) 0.1 ml F.C.A,;
2) 0.1 ml vehicle (solvent), and; 3) 0.1 ml vehicle plus F.C.A. On day 7 the
shoulder area was again clipped, then shaved with a safety razor. 12 x 4 cm
filter paper patches saturated with the test material or vehicle and were
applied over the injection sites. Dental dam was placed over the patch and
tightly secured with an elastic adhesive bandage. On day 21 both flanks of

all animals were shaved and saturated patches were occluded. The left side
patch was saturated with the test materials and the right side patch with the
appropriate vehicles. The challenge sites were evaluated at 24 and 48 hours
post injection. Guinea pigs of the test material group that demonstrated

greater responses to the test materials than the control group were rated as
positive. :

RESULTS

THE LANDSTEINER TEST

Table 1 summarizes the results of the gross evaluation of the Landsteiner
tests. The 24 and 48 hour mean reaction scores for dinitrochlorobenzene are
extremely high and indicate a strong sensitization reaction. The first trial
with formaldehyde produced a very mild sensitization response as indicated
by low mean reaction scores in a low percentage of the animals at 24 hours.
At 48 hours post challenge, no sensitization was evident. In the second
trial a very mild sensitization reaction was noted. However, the reaction was
found only at the 48 hour examination. The reactions to formaldehyde are
questionable in that there was a similar reaction elicited by Carbowax, a
known human non-sensitizer. There were histologic changes evident in both
the peanut oil vehicle and dinitrochlorobenzene injection sites. There were
increased incidences of eosinophilia and scab formation in formaldehyde
injection sites. Lesions attributable to the administration of Carbowax 4000
were not noted.

TABLE 1. LANDSTEINER GROSS EVALUATION

Test Materials ‘

Dinitrochloro- A Carbowax Formaldehyde

benzene 4000 i Test #1 Test #2 .
 Conc. (8 Y 0.1 0.1 0.1

Vehicle o Peanut Oil H,0 H,O0 ‘H,0
% Reaction Scores : ) .

at 24 hrs. 653 44 51 . 0

at 48 hrs. 403 50%* 0 40
% Positive Animals : : : . )

at 24 hrs. 90 20 15 0

at 48 hrs. 75 5 0 32

* Only 1 Animal.
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THE MAGUIRE TEST

D1n1trochlorobenzene and formaldehyde were obv1ous sensitization agents
in the Maguire Test. Table 2 shows that at 24 hours 76 and 89% of the animals
demonstrated gross positive sensitization response to dinitrochlorobenzene and
formaldehyde, trial 1, respectively. At 48 hours, 71 and 84% of the animals .
were still positive. A response of 65% or greater is considered indicative of a
strong sensitizer in the Maguire Test. The severity of mononuclear inflammatory
reaction was increased in the dinitrochlorobenzene and formaldehyde application
sites. The frequencies of acantholysis and scab formation were increased as a
result of dinitrochlorobenzene or formaldehyde applications. Formaldehyde also
caused increases in acute inflammation, spongiosis and eosinophilic infiltrations.

A second trial with formaldehyde was conducted using a lower concentration.
At the lower formaldehyde concentration, the percentage of positive responders
was considerably reduced (Table 2). No tissues were taken from the second

trial,
There was no indication of a sensitization response with Carbowax 4000,
TABLE 2. MAGUIRE TEST GROSS EVALUATION

Test Materials

Dinitrochloro- Carbowax : Formaldehyde
benzene 4000 Test #1  Test #2
Conc. (%) 0.1 10 37-10%* 5
Vehicle Acetone H, O H,O H,O
% Positive Animals :
at 24 hrs. 76 0 : 89 . 21
at 48 hrs. 71 0 84 w5

* 37% used on first application, 10% used thereafter.

THE GUINEA PIG MAXIMIZATION TEST

The results of the gross evaluation of the G.P.M.T. are summarized in Table
3. Dinitrochlorobenzene was found to be a strong sensitizer. At 24 and 48
hours, 95 and 100% of the animals had positive sensitization responses, respec-
tively. Dinitrochlorobenzene administration resulted in increased severity and
frequency of mononuclear inﬂammatory reactions, and increased frequencies of
acute inflammatory reactions, spongiosis, acantholysis, eosmophlhc infiltration
and scab formation.

Formaldehyde, trial 1, demonstrated no sensitization potential when evaluated
grossly. The microscopic evaluation revealed increases in the frequenc1es of
acute inflammatory reactions and eosinophilic infiltration.
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TABLE 3. GUINEA PIG MAXIMIZATION TEST
(G.P.M.T.) GROSS 'EVA‘LU'ATIO‘_N‘ _

' Test Materials

Dinitrochloro- Carbowax ; F'oi'mal!dehyde
" benzene _.-4000 Test #1 Test #2*
Conc. Inj. (%) 0.1 5 0.1 . -0.2.
Conc. Top. (%) 0.1 - 10 5 : 5
Vehicle : Peanut Oil ‘H,O . H,O H,0
$ Positive *Animals -
at 24 hrs. - - : 95 o 0 -0 : 25
at 48 hrs. . 100 . 0 o0 s 250

* Sodium lauryl sulfate was apphed to the an1mals 24 hrs. pnor to the top1ca1 ’
application. S : ; v ,_ P

A second G.P.M.T. trial was conducted using higher concentrations of
formaldehyde. Also, a 10% sodium lauryl sulfate solution was applied 24 hours
prior to the topical induction patch in the second trial to induce mild irritation
in the test area. Gross evaluation of the second trial with formaldehyde demon-:
strated a slight sensitization response as 25% of the animals had positive readmgs
at 24 hours post challenge. No tissues were evaluated 1n the éecond trlal

Grossly, Carbowax 4000 demonstrated no sens1t1zat1on reactlon however,
an increase in the frequency of spongiosis was observed.:

SUMMARY

The known sensitization potential of dinitrochlorobenzene was confirmed by
the Landsteiner Test. The mean reaction scores of formaldehyde (Trials 1 and
2) and Carbowax 4000 were quite low and essentially equal. If these are inter-
preted as negligible responses, then the known sensitization potential of formal-
dehyde was not confirmed. However, if the scores are interpreted as positive
sensitization responses, the known non-sensitizing capacity of Carbowax 4000
was not confirmed, leading to a false positive conclusion.

The known sensitization potential of all of the test materials was confirmed
by the Maguire Test. The difference in the percentage of positive responders
in the formaldehyde trials indicate that the method is concentration dependent.

Dinitrochlorobenzene was confirmed as a strong sensitizer while Carbowax
4000 was a non-sensitizer by the G.P.M.T. None of the animals demonstrated
a positive response to formaldehyde in the first trial. Increasing the concen-
tration of the injections and inducing primary irritation prior to the application
of the topical induction patch in the second trial appeared to increase the
sensitivity of the test, as 25% of the animals responded. This would indicate
formaldehyde to be a sensitizer.
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Groth (1978) has suggested that the degree of mononuclear cell infiltration
is an indication of a sensitization reaction. Increases in the mononuclear
inflammatory reactions with formaldehyde and D.N.C.B. (known sensitizers)
were noted in both the Maguire Test and the G.P.M.T. These parameters
were unchanged in the Carbowax 4000 groups.

The Maguire Test and G.P.M.T. appeared to be the most reliable indicators
of the sensitization potential of the three materials, provided adequate concen-
trations are used.
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URINARY METABOLITES OF INHALED METHYLCYCLOHEXANE

D. L. Pollard, E. H. Vernot, J. D. Collins and
‘ A. K. Roychowdhury :
Toxic Hazards Research Unit
University of California, Irvine
Wright-Patterson Air Force Base, Ohio

INTRODUCTION

The components of urine have been studied for many years.  There are
numerous chromatographic methods for isolating portions for study Most
methods are specific and lengthy. Liquid chromatographlc methods are more
generally suitable for separation of the components in urine (Burtis and Warren,
1968; Fiala et al., 1976; Jolley et al., 1970; Scott et al., 1970; Young, 1970).
For volatiles, however, gas chromatography is generally faster, more sensitive
and interfaces easily to a mass spectrometer for identification (Dowty et al.,
1976; Finkle et al., 1971; Horning and Horning, 1971; Lewis et al., 1979;
Teranish et al., 1972; Zlatkis and Liebich, 1971; Zlatkis et al., 1973; Zlatkis
et al., 1979). ’ : ‘ C '

Capillary gas chromatography was used in this study to separate urinary
volatiles. The volatiles present in the urine from methylcyclohexane exposed
rats but not present in control rat urine were identified by mass spectrometer
and confirmed by GC retention time. - »

EXPERIMENTAL

The rats used in this study were part of a group being exposed for one
year to 400 ppm methylcyclohexane on a 6 hour/day, 5 day/week schedule.
Urine samples were collected overnight from Fischer 344 control and exposed
rats from Charles River Breeding Laboratories held in Hoeltge metabolic cages.
During collection the rats had free access to water and food. The food they
were accustomed to eating was powdered to prevent it from being carried into
the collection cage. The collected urine was frozen (approximately -10°C) until
testing. ‘ o - '

Initial capillary GC investigations demonstrated that a 50 m x 0.25 mm Carbo-
wax 20M column was satisfactory for the separation of urine volatiles yielding
very sharp, well-separated peaks. The procedure yielding the most reproducible
results was direct injection of 5 microliters of urine into an injector sleeve filled
with glass beads to retain the non-volatile urine components. The splitter was
set to allow 10% of the injected volatiles into the column. This method did not
lead to plugging and provided peaks of reasonable intensity. Figure 1 illustrates
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the chromatograms obtained from control and exposed rat urine. The most
significant difference between the control and exposed rats is the appearance

of 12 peaks, most of which are in the range from 38.5 to 41 minutes. Fortunately,
these peaks appear in an area which is relatively free of components in control
urine.

CONTROL, RAT
URINE

-

MCH, EXPOSED
RAT URINE

0 6 12 18 24 30 36 42 48 54
TIME, MINUTES
Figure 1.
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Once it had been shown that new peaks, presumably metabolites, had appeared
in the GC of exposed rat urine, the analytical methodology was applied to GC/MS
analysis under the following conditions:

Hewlett-Packard 5993 GC/MS

Injection Size = 5 ul

Injector sleeve cleaning after each injection
Water injection check after each cleaning
Initial Oven Temperature = 32°C

Temperature Rate = 4°C/min

50 m x 0.25 mm Carbowax 20M capillary column
20 to 320 amu MS scan

Again, a group of peaks, not present in control urine, appeared in the total
ionization GC of exposed rat urine with retention times of 17 to 22 minutes as
shown in Figure 2.

TOTAL ION
CURRENT

CONTROL
RAT URINE

MCH EXPOSED
RAT URINE Rt ndrcantn

TIHE | 91011 12 1314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29

Figure 2.

Mass spectral comparison of these peaks with the National Bureau of Standards
and Wiley Libraries by Hewlett-Packard's Probability Based Searching method,
identified these peaks as methylcyclohexanols. Known additions of cis and trans
2-,3-, and 4-methylcyclohexanols to exposed rat urine were made to check the
retention times (Figure 3). The l-methylcyclohexanol was received too late for
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known addition but the retention time matched for the same chromatographic
conditions (Figure 4).

TOTAL ION

CURRENT
(A)+ A M iu
2,3 & 4-METHYL- - - rL‘

CYCLOHEXANOL

(A)+ A A
2 & 3-METHYL-

CYCLOHEXANOL

(A)+
2-METHYL-
CYCLOHEXANOL

MCH EXPOSED i '\ A *
RAT URINE (A) stanee

TINE 16 17 18 19 28 21 22 23 24 25

Figure 3.

TOTAL ION
CURRENT
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Comparison of the mass spectra of trans 2-methylcyclohexanol with the
metabolite of identical retention time is shown in Figure 5. Similar matches
were obtained for the other peaks with their respective knowns.

TRANS-2-METHYLCYCLOHEXANOL 180.9%

L

20 30 4

-
e

I‘ljlj_l_ulll l [l‘ }lllll r $. 111 !l : ‘l L y . T lx
e 5o 8 88 98 180 118 120 _ _
ABSOLUTE DIFFERENCE F 22.5%

o e .|.l ,ll.l,‘.l, TR LI ull.lll n. il R 1 'I

UNKNOWN PEAK 20.0 min. RETENTION TIME 108.6%

.!! 'L lul: TN Y | R

| |
14 3 NORSUNPUUS 1 & § ISNIES NN S—
8 8 48 68 78 88 53 108 110 128

Figure 5.

On the basis of GC/MS analysis, all positional and geometric isomers of
methylcyclohexanol have been identified in the urine of rats exposed to 400 ppm
methylcyclohexane. No evidence of the presence of any methylcyclohexanone
was obtained.

RESULTS -

The separation method for urinary volatiles was found to be fast and com-
paratively simple. The capillary column gave a good separation of the many
volatiles in the urine. Methylcyclohexane inhaled by rats was metabolized to
l-methylcyclohexanol and cis and trans 2-,3- and 4-methylcyclohexanols.
Further oxidation to methylcyclohexanones was not evident. The trans 3-methyl-
cyclohexanol was the isomer of the greatest quantity as determined by peak area

on the mass chromatogram. It was 30.1% of the total methylcyclohexanol area
(Table 1).
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TABLE 1.

COMPOUND RETENTION TIME AREA %
1-methylcyclohexanol 16.9 min 25.9
cis 2-methylcyclohexanol 19.5 min 4.3
trans 2-methylcyclohexanol 20.0 min 6.3
cis 3-methylcyclohexanol 20.4 min 21.7
cis 4-methylcyclohexanol 20.6 min 2.5
trans 3-methylcyclohexanol 21.2 min 30.1
trans 4-methylcyclohexanol 21.4 min 9.2
100.0
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AQUATIC TOXICITY OF FUEL SYSTEM ICING INHIBITOR
Capt. Thomas R. Doane, USAF; BSC |

USAF Occupational and Environmental Health Laboratories
Brooks Air Force Base, Texas

INTRODUCTION

Jet aircraft fuels are often augmented with compounds to prevent ice forma-
tion, and to inhibit growth of microorganisms in fuel storage tanks (Thomas and
Hill, 1977; Neihef and Bailey, 1978). One compound often used is ethylene glycol
monomethyl ether (EGME). The Army Environmental Hygiene Agency (EHA),
as environmental consultant to the Defense Logistics Agency (DLA), was asked
to evaluate the aquatic toxicology potential of this material. The USAF Occupa-
tional and Environmental Health Laboratory (USAF OEHL) was requested by the
EHA to provide additional support for this study. Dawson et al. (1975) reported
96-hour LCsy's of EGME to be greater than 10,000 ppm for both blue gill and
tidewater silverside fish.

As there were relatively little other data available in the literature on EGME,
especially on freshwater species, laboratory bioassays were performed by both
organizations. The primary tests were static bioassays performed with crayfish
(Procambarus spp.), the fathead minnow (Pimephales promelas), and a mosquito
larva (Wyeomyia smithii). Both static and dynamic bioassays were performed on
the fathead minnow, the most commonly used test organism of the aquatic
toxicology world. Additionally, confirmation testing was done on several other
organisms including catfish (Ictalurus spp.), rainbow trout (Salmo gairdneri),
killifish (Fundulus spp.), and mosquito fish (Gambusia affinis).

MATERIALS AND METHODS

Both the static and dynamic aquatic toxicity tests were standard, 96-hour
LCs¢ studies, performed according to the procedures outlined in Standard Methods
(1975). The test material was pure, analytical grade EGME, obtained from DLA.
Water temperature, pH, and dissolved oxygen levels were monitored throughout
each of the test periods.

The acute toxicity for EGME for each different test organism was calculated
using a Statistical Analysis package program for probit analysis (Barr et al.,
1979) run on an IBM Series 600 computer.

The results are expressed as the 96~-hour LCsy, the concentration of EGME
that was lethal to 50% of the test organisms.
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RESULTS AND DISCUSSION

The acute toxicities calculated from the static bioassays performed on the
three main test organisms were: fathead minnow, 2,380 ppm; crayfish,- 2,600
ppm; mosquito larvae, 29,200 ppm. The dynamic bioassay for the fathead
minnow resulted in an acute tox1c1ty of 1,400 ppm (Figures 1-4). Static bio-
assays were also performed using mosquito fish (Gambusia affinis), catfish
(Ictalurus sp.), killifish (fundulus sp.), and rainbow trout (Salmo gairdneri).
The acute toxicity thresholds (lowest tested concentration where death did not
occur) for the fish were 10,000 ppm, 7 500 PPm, 2,500 ppm and 10,000 ppm,.
respectively.
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Applying a safety factor of 0.1 to the 1,400 ppm concentration that resulted
in 50% mortality in the dynamic bioassay for the fathead minnow (the most sensi-
tive test organism) would result in a safe level for the aquatic environment of
140 ppm. The toxicity of JP-4 jet fuel is approximately 5 ppm and the concen-
tration of EGME in the fuel is usually in the range of 0.1 to 0.15%; therefore in
normal USAF usage, the EGME would not be an acute aquatic toxicant in itself
as the greater toxicity of the JP-4 would have a masking effect on the toxicity
of the EGME component.

In any environmental incident where EGME is discharged into the aquatic
environment without dilution in JP-4, it should not have any effect unless the
concentration is greater than 140 ppm.
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BIOCHEMICAL CHARACTERIZATION OF KIDNEY
LESIONS FROM HYDROCARBON FUELS

LCDR L. L. Pitts, II, MSC, USN, LCDR M. J. Cowan, Jr., MSC, USN,
R. A. Jones and L. J. Jenkins, Jr.
Naval Medical Research Institute
Wright-Patterson Air Force Base, Ohio

INTRODUCTION

Male rats were exposed to JP-5 fuel vapor in an intermittent fashion for
6 hours a day, 5 days a week. Exposures were for 30 or 80 days at vapor
concentration levels of 500 and 900 mg/m?3. One additional series of exposures
was performed using decane at 7500 mg/m? for 25 days.

After completion of the exposure, the male rats were placed in metabolic
chambers and urine was collected. The urine was assayed for urea, creatinine
and gamma-glutamyl transpeptidase (GGT). The animals were killed and tissue
samples were taken for histologic examination. Blood samples were taken. The
blood samples were assayed for erythrocyte count, hemoglobin, serum alanine
transaminase (ALT), serum aspartate transaminase (AST), serum GGT, serum
creatinine, and blood urea nitrogen (BUN). From these values, creatinine
clearance (ml/min/kg), urea clearance (ml/min/kg), and GGT excretion
(IU/mg creat) were calculated (30 day exposure only).

In all the 80 day exposure studies, the serum creatinine levels were elevated
and in two of these studies the creatinine clearances were decreased. In only
one of these studies the BUN was significantly elevated and all the urea clear-
ance changes appeared to be unrelated to exposure to the fuels. None of these
measurements was significantly changed in the 30 day exposures. However,
there was a significant increase in the urinary activity of GGT per mg of creati-
nine excreted in the animals exposed to shale JP-5 for 30 days at 900 mg/m?3,
The tissue examinations have been completed for two of the 80 day exposures
and no renal lesions were found as a result of hydrocarbon exposure.

These findings are in agreement with those of Gaworski, MacEwen, and
Vernot where they exposed rats to fuel vapor of petroleum JP-5 and DFM and
shale JP-5 and DFM. Their exposures were for 90 days (24 hrs/day) at concen-
trations up to 750 mg/m?®. Besides the similar clinical changes, they also
described a histopathologic renal lesion in male rats.
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Male rats that are exposed to hydrocarbon fuels are developing a renal
lesion which is disturbing renal function (serum creatinine and creatinine clear-
ance), but only after a long exposure (>80 days) to the fuel vapor. The urinary
activities of the brush-border enzyme-GGT show some promise of early detection
of this renal lesion. :

OBJECTIVE

To measure changes in the standard renal function studies of male rats
after exposure to hydrocarbon fuels.

MATERIALS
Petroleum JP-5 - Standard MILSPEC JP-5
Shale JP-5 - JP-5 produced from a 100,000 barrel refinement
of Colorado oil shale
Decane - Eastman Kodak technical grade
Rats - Male Fischer 344
Assay Kits - Worthington Diagnostics

CLINICAL TEST MEASUREMENTS

SERUM ASSAYS URINE ASSAYS

ALT (SGPT) Urea

AST (SGOT) Creatinine

Creatinine . Total Volume

Blood Urea Nitrogen Gamma Glutamyl Trans-
(BUN) peptidase (GGT)*

* Only performed for studies C, D, E.

TABLE 1. CHANGES IN SERUM CREATININE VALUES OF MALE RATS
AFTER EXPOSURE TO HYDROCARBON VAPOR

GROUP  EXPOSURE comc\gﬁi%inm SERUM CREATININE (mg/dl)
HYDROCARBONS N DAYS (mg/m?) CONTROL EXPOSED
A. Pet. JP-5 18 80 500 0.67 (0.03)7 0.72 (0.02)*
B. Shale JP-5 18 80 500 0.67 (0.03) 0.87 (0.03)*
C. Shale JP-5 18 80 500 0.69 (0.03) 0.83 (0.04)*
D. Shale JP-5 6 30 900 0.65 (0.06) 0.67 (0.11)
E. Decane 6 28 7500 0.62 (0.08) 0.70 (0.05)

Mean (standard error)

* Significantly different from control values (p < 0.05)
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TABLE 2. CHANGES IN CREATININE CLEARANCE VALUES OF

MALE RATS AFTER EXPOSURE TO HYDROCARBON VAPOR

VAPOR CREATININE CLEARANCE
GROUP  EXPOSURE  CONCENTRATION (m)/min /kg)

HYDROCARBONS N DAYS (mg/m®) CONTROL EXPOSED
A. Pet. JP-5 18 80 500 1.78 (0.16) T 2.47 (0.29)
B. Shale JP-5 18 80 500 2.33 (0.18) 2.03 (0.13)
C. Shale JP-5 18 80 500 3.46 (0.18) 2.75 (0.15)*
D. Shale JP-5 6 30 900 3.91 (0.18) 3.76 (0.22)
E. Decane 6 28 7500 4.57 (0.90) 3.54 (0.21)

1+ Mean (standard error)

*

TABLE 3. CHANGES IN BUN LEVELS OF MALE RATS AFTER

Significantly different from control values (p < 0.05)

EXPOSURE TO HYDROCARBON VAPOR

VAPOR
GROUP EXPOSURE CONCENTRATION BUN (mg/dl)
HYDROCARBONS N DAYS (mg/m?*) CONTROL EXPOSED
A. Pet. JP-5 18 80 500 15.3 (O.4)+ 17.9 (0.7)*
B. Shale JP-5 18 80 500 15.6 (0.3) 16.0 (0.5)
C. Shale JP-5 18 80 500 20.4 (0.9) 16.5 (0.5)*
D. Shale JP-5 30 900 20.3 (1.8) 20.7 (2.2)
E. Decane 28 7500 18.4 (0.8) 18.3 (1.1)

Mean (standard error)

*  Significantly different from control values (p < 0.05)

TABLE 4.

CHANGES IN UREA CLEARANCE VALUES OF
MALE RATS AFTER EXPOSURE TO HYDROCARBON VAPOR

VAPOR UREA CLEARANCE
GROUP EXPOSURE CONCENTRATION (ml/min/kg)
HYDROCARBONS N DAYS (mg/m?) CONTROL EXPOSED
A. Pet. JP-5 18 80 500 1,17 (0.11)+ 1.65 (0.18)
B. Shale JP-5 18 80 500 2.21 (0.16) 1.62 (0.08)*
C. Shale JP-5 18 80 500 2.38 (0.14) 2.68 (0.16)
D. Shale JP-5 6 30 900 2,66 (0.18) 2.29 (0.22)*
E. Decane 6 28 7500 2.33 (0.15) 2.38 (0.22)

Mean (standard error)

*  Significantly different from control values (p < 0.05)
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TABLE 5. CHANGES IN TOTAL VOLUME OF URINE OF MALE RATS
AFTER EXPOSURE TO HYDROCARBON VAPOR

VAPOR TOTAL VOLUME
GROUP EXPOSURE CONCENTRATION (ml/24 hrs)
HYDROCARBONS N DAYS (mg/m?) CONTROL EXPOSED
C. Shale JP-5 18 80 500 12.2 (0.9)+ 15.4 (0.9)*
D. Shale JP-5 6 30 900 14.0 (0.7) 16.7 (1.1)*

E. Decane 6 28 7500 16.3 (0.8) 9.5 (0.5)

+

Mean (standard error)

* Significantly different from control values (p < 0.05)

TABLE 6. CHANGES IN URINARY GAMMA-GLUTAMYL TRANSPEPTIDASE
(GGT) ACTIVITY OF MALE RATS AFTER EXPOSURE TO HYDROCARBON VAPOR

VAPOR URINE GGT
GROUP EXPOSURE CONCENTRATION (IU/mg creat.)
HYDROCARBONS N DAYS (mg/m 3) CONTROL EXPOSED
D Shale JP-5 6 30 ‘ 900 ’ S 0.71 (0.09)1‘ 1.40 (0.21)*
E. Decane 6 0 7500 0.39 (0.05) 0.40 (0.06)
E Decane 6 19 7500 0.39 (0.04) 0.55 (0.06)*
E Decane 6 28 7500 0.36 (0.03) 0.49 (0.06)
t Mean (standard error)
* Significantly different from control values (p < 0.05)
RESULTS

1. Consistent elevation of serum creatinine in rats exposed to 500 mg/m? of
JP-5 for 80 days.

2. Decrease in creatinine clearance in rats exposed to 500 mg/m? of JP-5 for
80 days in two of the three groups.

3. Urea clearance was significantly decreased in two of the studies.

4. Urinary GGT was significantly elevated in the two studies in which it was
performed.

5. During the course of the study "C" (500 mg/m?3 JP-5 for 80 days), the high
dose rats drank significantly more water than the control rats (25 ml/day vs
21 ml/day).
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Urmary output was measured and increased for the high dose gréups (500
mg/m3 and 900 mg/m?3%). However, it was not increased for the decane

exposure.

The histopathology results were negative for any kidney lesions for experi-

~ments "A" and "B". The microscopic studies of the tissues from experiments

"C", "D", and "E" are not yet complete.

CONCLUSIONS

Male rats exposed to hydrocarbon fuels develop renal function abnormalities
after 80 days of intermittent exposures, but only minimal s1gns are seen
after 30 days of intermittent exposures.

These results are consistent with the findings of Gaworski, MacEwen, and
Vernot, in which histopathologic evidence of renal dlsease was seen in male
rats after 90 days of continuous exposure to 750 mg/m? of JP-5 vapor and
300 mg/m? of DFM vapor.

The increase of urinary GGT excretion <after 30 days of exposure may be
a useful biochemical marker for following the renal disease due to hydrocarbon

fuels.

The failure of the decane exposure to produce renal function changes after
28 days of high level exposure may be a requirement of many exposures or
a continuous exposure to cause the occurrence of the renal lesion.
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MORPHOLOGICAL METHODS FOR EVALUATING PULMONARY DISEASE

Paul W. Mellick; DVM, Ph D.
Letterman Army Institute of Research
Presidio of San Francisco, California °

Morphologmal examination of the lung is an essential part of many studles
designed to determine effects of inhaled materials. Light mlcroscopy (LM),
transmission electron microscopy (TEM), and scanning electron microscopy (SEM)
are indispensable techniques for documenting and interpreting the response of '
the lung to injury. Lesions in the respiratory system caused by inhalation of
noxious agents are rarely uniform in distribution because of differences in con-
centration of the material at different locations, variation in degree of protection
provided by mucus or other surface coats and regional differences in inherent
sensitivity of component cell populations. Therefore, random tissue sampling
techniques for morphological evaluation can yield misleading results.

The purpose of this presentation is to describe methods that permit exami-
nation of the same level of an airway and adjacent parenchyma by LM, SEM, and
TEM. Using these correlated histologic and ultrastructural techniques, it is
possible to detect very subtle effects and provide the most discriminating
information relevant to pulmonary toxicity.

After appropriate experimental exposure, lungs are fixed by airway perfu-
sion with Karnovsky's fixative at a constant perfusion pressure of 30 cm of water.
The perfusion apparatus should allow a constant perfusion pressure regardless
of the level of fluid in the contamer.

Using a dlssectmg microscope, airways are bissected longitudinally. One
half of each specimen is processed for LM and TEM; the complementary half is
processed for SEM.

Lung slices for LM and TEM are embedded in large blocks (16 mm x 12 mm x -
5 mm) of Epon-Araldite. Blocks are cut at a thickness of 1 um using a Sorvall
JBy microtome and glass knives. - Sections are stained with toluidine blue,
examined, and photographed by LM. Areas for TEM are selected by examination
of 1 um sections.

Complementary halves of lung slices examined by LM and TEM are processed
for SEM. The first step in this process is to dry the lung tissue in a critical
point dryer, a technique that prevents distortion due to forces of surface tension.
The dried blocks of lung tissue are glued to metal stubs and coated with metal
or carbon in a vacuum evaporator The metal coating permits electrical conduc-
tivity of the specimen which is necessary for SEM.
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Areas selected by examination of the 1 um sections are isolated on the face
of the large epoxy-embedded blocks by trimming away adjacent tissue and
embedding media. The small "mesa" remaining is removed with a razor blade and
glued to a blank Beem capsule. The specimen on the Beem capsule is cut at a
thickness of 500 & using an ultramicrotome and diamond knife, These sections
are mounted on copper grids and examined by TEM.

Using these correlated techniques, it is possible to take full advantage of LM,
SEM, and TEM in evaluating changes due to inhalation of materials. It is possible
to concentrate efforts on the precise area of interest and to evaluate lesions that

have a focal distribution.

Using light and transmission electron micrographs, grid overlays, and appro-
priate statistical procedures, it is possible to analyze quantitatively many struc-
tural characteristics. Volume fraction of the parenchyma, surface density of air
spaces, capillary surface area and volume, and thickness of the air-blood barrier
are among the most useful criteria to estimate. Using these data, diffusion
capacity can be estimated, thus correlating structural and functional changes.

The following references describe many of these techniques in detail:
Castleman, W. L., D. L. Dungworth, and W. S. Tyler, (1975), Intrapulmonary .

airway morphology in three species of monkeys: A correlated scanning and -
transmission electron microscopic study, Am. J. Anat., 142:107-112.

Dungworth, D. L., L. W. Schwartz, and W. S. Tyler, (1976), Morphological
methods for evaluation of pulmonary toxicity in animals, Ann. Rev. of Pharm.

Tox., 16:381-399.

Kapanci, Y., E. R. Weibel, H. P. Kaplan and F. R. Robinson, (1969), Patho-
genesis and reversibility of the pulmonary lesions of oxygen toxicity in monkeys,
Laboratory Investigation, 20:101-118.

Lowrie, P. M. and W. S. Tyler, (1973), Selection and preparation of specific
tissue regions for TEM using large epoxy-embedded blocks, Ann. Proc. Electron
Microscopy Soc. Amer., New Orleans, La.

Mellick, P. W., D. L. Dungworth, L. W. Schwartz and W. S. Tyler, (1977),
Short term morphologic effects of high ambient levels of ozone on lungs of
rhesus monkeys, Laboratory Investigation, 36:82-90.

Nowell, J. A. and W. S. Tyler, (1971), Scanning electron microscopy of the
surface morphology of mammalian lungs, Amer. Rev. of Resp. Dis., 103:313-328.

Pearson, O. P. and A. K. Pearson, (1976), A stereological analysis of the
ultrastructure of the lungs of wild mice living at low and high altitude, J. Morph.,
150:359-368. ‘

Phalen, R. F., R. C. Yeh, G. M. Schum and O. G. Raabe, (1978), Application of

an idealized model to morphometry of the mammalian tracheobronchial tree, Anat.
Rec., 190:167-176.
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Stephens, R. J. and M. J. Evans, (1973), Selection and orientation of lung
tissue for scanning and transmission electron microscopy, Environmental

Research, 6:52-59.

Tyler, W. S., D. L. Dungworth, and J. A. Nowell, (1973), The potential olf SEM
in studies of experimental and spontaneous diseases, Scanning Electron

Microscopy, III:403-409.

Weibel, E. R., (1970), Morphometric estimation of pulmonary diffusion capacity,
Respiration Physiology, 11:54-75. :

Weibel, E. R., (1973), A simplified morphometric method for estimating diffusing
capacity in normal and emphysematous human lungs, Amer. Rev. Resp. Dis.,
107:579-588.
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KARNOVSKY'S FIXATIVE (1:4.5) (Approx. 550 mOsm)
(J. Cell Biol., 27:137A, 1905)
Modified from J. A. Nowell 3/13/72 and 3/21/69

Materials:

Paraformaldehyde (Mallinckrodt or Eastman)
50% glutaraldehyde (Fisher biological grade)

Cacodylic acid (Sigma)
Calcium chloride (Anhydrous)

To Make:

Buffer (0.2M)

Cacodylic acid
Distilled water gs

Fixative (Stock)

Mix: Paraformaldehyde
Distilled water
Cacodylate buffer

Heat to 70°C in a 4 liter Erlenmeyer
flask in a water bath, swirling inter-
mittently until clear. Cool to room
temperature.

Add: 50% glutaraldehyde

Calcium chloride
Cacodylate buffer

Dilute to 1:4.5

Stock fixative
Distilled water
Cacodylate buffer

16,500 ml dilute fix

192 g or 384g¢g
6,000 ml 12,000 ml
(Need 2 batches)

120 g
1,500 ml
900 ml

300 ml

1.5¢g

300 ml
3,000 ml Total

3,000 ml

3,000 ml

10,500 ml (All but 300 ml of
buffer remaining from the
12,000 ml made)

Adjust to pH 7.2 (+ 0.1) with 1.0 N HCI1 (requires 90-110 ml).
(Approx. 9.0 ml conc. HCI distilled H,0 gs 100 ml)

Store at 4°C.

Filter before use.

This modification was used by Nowell, Tyler et al. in:




"Techniques for Scanning Electron Microscopy of Pulmonary Tissues and
Replicas", in Proceedings of the VIIth International Congress on Electron
Microscopy, Grenoble, France, 1970, 477-478.

"Scanning Electron Microscopy of the Surface Morphology of Mammalian Lungs",
Amer. Rev. Resp. Dis., 103:313-328, 1971.

"Stabilization and Replication of Soft Tubular and Alveolar Systems: A Scanning

Electron Microscope Study of the Lung", in Scanning Electron Microscopy,
1972, 305-312.
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CRITERIA USED IN ESTABLISHING ACCEPTABLE SHORT-TERM
EXPOSURE LIMITS FOR AIR POLLUTANTS

Gordon W. Newell, Ph.D.

Associate Executive Director ,
Board on Toxicology and Environmental Health Hazards
Assembly of Life Sciences . '
National Research Council/National Academy of Sciences
Washington, D.C.

. INTRODUCTION

Sixteen years ago, the Committee on Toxicology of the National Research
Council published its first document for establishing emergency inhalation expo-
sure limits, applicable to military and space chemicals (National Research
Council, Committee on Toxicology, 1964).

Five years later, the National Air Pollution Control Administration and the
Environmental Protection Agency published a number of criteria documents
addressing the question of public exposure to a wide variety of air pollutants.
In most cases, a considerable body of information had been assembled to provide
the best possible basis for the recommendations involved in short-term or
long-term exposures.

The format of these documents varied in detail, but conformed to a general
pattern: sources, occurrence, formation, disposal, and uses were considered
as background; effects on man and animals formed the basis for determining
permissible exposures while effects on vegetation and materials, and significant
impact on ecology or the biosphere, were noted as potentially indicating the
desirability of more stringent controls.

During this period, the National Institute for Occupational Safety and Health
produced numerous criteria documents on substances encountered in the work-
place. Using its 1964 document as a guideline, the Committee on Toxicology has,
for several years, been recommending short-term exposure limits for chemicals
of concern to various federal agencies.

Attitudes about acceptable exposure conditions for both occupational and
general ambient air pollutants have changed substantially since the original short-
term guidelines were issued by the Committee on Toxicology. Members of the
present committee felt it necessary to re-assess and revise the criteria for short-
term exposures to air pollutants. This paper summarizes the results of that
effort. The longer, detailed document is entitled, "Criteria for Short-Term
Exposures to Air Pollutants", and was published in 1979 by the Committee on
Toxicology, National Academy of Sciences, Washington, D.C.
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Previously, the Committee issued separate guidelines for military and
space personnel and for the general public. The present committee believes
that a single set of criteria is sufficient for establishing short-term exposure
limits for both the general public and more narrowly defined populations at
risk, such as military or space personnel.

DEFINITION OF SHORT-TERM EXPOSURE

For the purpose of this paper, a short-term exposure is defined as a single
exposure, usually lasting 60 minutes ‘or less, but never more than 24 hours. For
evaluation of 24 hour exposure limits, the variation and concern over shorter
periods may be an important consideration. In addition to length of exposure,
it is important to differentiate between repeated exposures and exposures that
are exceptional and may never be repeated

When exposures are repeated,‘ the frequency of occurrence and the time
between exposures should also be noted.

FACTORS TO CONSIDER IN ESTABLISHING SHORT-TERM
CONCENTRATIONS OF POLLUTANTS

Varmus types of ev1dence should be assessed in reachmg a dec1s1on on
permissible short-term exposures:

Results of experimental exposures in animals or humans;
Observations on the effects of exposures to individuals;
Epidemiology studies; ‘ :
Effects on vegetation and livestock;

"+ Long-term effects of short-term exposure;
Interactions of pollutants.

Inhalation experiments with animals provide essential, preliminary information
about possible effects in man, in the concentrations in which these effects may
occur. They are useful in identifying adaptations that may occur with repeated
exposure and enable hypotheses about the mechanisms of action of pollutants to
be tested. They offer an opportunity to explore interactions between pollutants
that may affect toxicity.

While human studies provide useful information of dose-response relationships
for limited exposures to specific pollutants, they also may provide insights into
the mechanism of effects. Human experimentation is, however, seriously limited
by ethical considerations to exposures that are readily tolerated and caused only
reversible effects.

The extent to which animal experiments provide quantitative data on dose-
response relationships that can be reliably extrapolated to humans is debatable.
Such data depend on the species used and relevance to the pharmacokinetics
in both animal and man. When data from animal testing are used to predict
the effects of a substance on humans, a major uncertainty in the prediction is
the extrapolation from a genetically homogeneous group of experimental animals
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to the genetically heterogeneous human population which contains sub-populations
with varied susceptibility. There also are uncertainties with respect to the
similarities between chamber exposures and actual exposures. g

Observations made by the public and careful observations by scientifically
trained individuals can be most valuable in the detection of functional changes
that result from short-term exposures to pollutants. Unfortunately, the concen- .
trations involved in such exposures are usually uncertain or completely unknown.

Experimental exposures and general observations are made primarily on
individuals, while the focus of epidemiologic studies is on groups of people. -
Monitoring day-to-day concentrations of air pollutants and relating these concen-
trations to day-to-day morbidity or mortality responses is a useful way of con-
ducting certain epidemiology studies. S

Other epidemiologic indices useful in identifying short-term adverse affects
from pollutants include such factors as sickness and absence from school or
work.because of illness precipitated by air pollutants, transient changes in lung
or other organ functions, or development of symptoms or function impairment
due to pollution. Effects of air pollutants on vegetation and livestock should not
be overlooked since there are numerous examples of plant and animal sensitivity
to air pollutants that do not appear to affect humans. Many plants are readily
damaged by traces of ethylene, which has no effect on humans or animals. On
the other hand, grazing animals, especially sheep and cattle, are severely affected
by airborne arsenic, lead, and molybdenum particles that are deposited, on forage
and then ingested. Data on the likelihood of long-term health implications from
brief exposure to chemicals are sorely lacking.

We must be reminded frequently that exposures of the public to